Investigation of the energy gaps in cuprate superconductors by Strässle, Simon
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2009
Investigation of the energy gaps in cuprate superconductors
Strässle, Simon
Abstract: The cuprates constitute a fascinating class of material that hosts many physical phenomena not
encountered in other solids. The most prominent feature is perhaps the transition to a superconducting
state at a comparatively high temperature Tc, even exceeding 135 K in some compounds. Furthermore,
a so-called pseudogap phase has been discovered, which is a peculiar state of the electronic system, as-
sociated with a partial gap in the electronic excitation spectrum. The superconducting energy gap and
the pseudogap both open at the Fermi energy, but the pseudogap can appear already at temperatures
substantially higher than Tc. Two decades of intense study since the discovery of these phenomena there
is still no consensus on their origin and interplay. The research on cuprates remains, however, highly
active. On the one hand the obvious potential for technical application of cuprates stokes justified hopes
for new energy-efficient technologies, while on the other, the scientific challenge of understanding the
physics involved prods researchers all over the world. The first part of this Thesis is dedicated to our
efforts to elucidate the nature of the pseudogap phase and its relevance for the occurrence of supercon-
ductivity. In the second part, we outline our investigations concerning the superconducting energy gap
and the underlying mechanism responsible for its formation. A variety of methods, such as nuclear mag-
netic resonance (NMR), nuclear quadrupole resonance (NQR), muon-spin rotation (µSR), and magnetic
susceptibility measurements was applied in our studies of various cuprate superconductors. The notion
of orbital currents for explaining the pseudogap phase has received wide attention in recent years, but
no unambiguous experimental evidence confirms this proposed ordered state. Using NMR, we searched
for magnetic fields associated with the orbital currents that are expected to appear in the copper-oxide
planes of the cuprates. Our 89Y NMR study of Y2Ba4Cu7O15−￿ did not reveal any clear signature
of orbital currents. From experimental results, limits for additional magnetic fields at the Y-site were
deduced. Static magnetic fields as well as dynamic field amplitudes were investigated. Due to the specific
properties of the bi-layer compound, a possible interaction between currents originating in neighboring
copper-oxide planes was also considered. It was concluded that any additional static magnetic field at
the Y-site, appearing in the normal-conducting state below room temperature, must be . 0.15 mT. For
the fluctuating field amplitude, an upper limit of ￿ 0.7 mT was determined. These values are considerably
smaller than theoretical predictions for Y-Ba-Cu-O in the range of several tens of mT, thus imposing
significant constraints on orbital-current models. Another theoretical approach relates the occurrence of
the pseudogap phase to charge inhomogeneity. In order to verify this conjecture, the Y-atom in optimally
doped YB2Cu3O7−￿ was substituted for La, which has a nuclear quadrupole moment, thus enabling a
direct test of charge effects by means of NMR/NQR. NMR relevant parameters for the La, such as the
139La magnetic shift tensor, the quadrupole frequency, and the asymmetry parameter were successfully
determined. The present status of our 139La NMR/NQR investigation, however, does not allow con-
clusive statements about the role of charge inhomogeneity in cuprates. Further efforts are required, in
particular to clarify the unusual and complex behavior of the nuclear relaxation. The spin-spin relaxation
of 139La appears to be ambiguous and the findings strongly depend on effects that are expected to be
of minor relevance for superconductivity. From the temperature dependence of the 139La spin-lattice
relaxation, however, it is evident that charge effects are indeed involved in the nuclear spin dynamics.
In order to investigate the role of the pseudogap in high-temperature superconductivity a µSR study on
optimally doped (BiPb)2(SrLa)2CuO6+￿ single crystals was performed. From the field dependence of
the µSR depolarization rate we concluded that the superfluid density in the copper-oxide planes shows a
behavior that excludes isotropic s-wave superconductivity, but is consistent with a dominant d-wave order
parameter. The comparison of the measured temperature dependence of the magnetic field penetration
depth ￿ with results from a calculation using angular resolved photoemission data from a similar sample,
suggests that the pseudogap and the superconducting phase are dominated by different parts of the Fermi
surface, and indicates that the two phases coexist. The question about the nature of the mechanism re-
sponsible for superconductivity was approached using magnetization measurements in low magnetic fields.
Using powder samples the oxygen-isotope effect for the zero-temperature superconducting energy gap in
Y1−xPrxBa2Cu3O7−￿, including the doping dependence, was determined here for the first time. A non-
trivial linear relation between the isotope effects on the gap and on Tc was found. Both isotope effects are
most pronounced in the underdoped regime, and decrease toward optimum doping, eventually reversing
the sign around optimum doping. This doping dependence, including the sign reversal, was predicted
by model calculations based on polaron formation, and is not expected considering purely electronic
mechanisms only. The presence of a substantial isotope effect shows the importance of the lattice for the
physics of cuprate superconductivity. The complex nature of the superconducting energy gap was further
investigated by means of µSR experiments on single crystalline YBa2Cu3O7−￿. The µSR depolarization
rate, which is proportional to the in-plane superfluid density, shows a distinct increase towards low tem-
peratures as temperature is decreased. This behavior is expected for a two-gap mechanism for which
one gap is considerably smaller. In contrast, the out-ofplane superfluid density saturates as the temper-
ature decreases. The µSR data suggest the presence of a major d-wave gap in the copper-oxide planes of
cuprates, which mixes with an isotropic gap and dominates the out-of-plane superfluid density. Due to
this mixing a small s-wave component is also present in the in-plane superfluid density. This emphasizes
the importance of the third dimension for the cuprates and limits the validity two-dimensional approaches
that focus exclusively on the copper-oxide planes. Kuprate bilden eine äusserst interessante Werkstoff-
gruppe, die einige faszinierende fest-körperphysikalische Eigenschaften in sich vereint. Die mitunter be-
merkenswerteste ist das Auftreten von Supraleitung bei rekordhohen Ubergangstemperaturen von über
¨ 135 K. Des Weiteren wurde in den Kupraten die sogenannte Pseudogap-Phase lokalisiert, welche durch
eine partielle Energielücke im elektronischen Anregungsspekrum charakterisiert ist. Die Energielücke, die
mit der Supraleitung assoziiert ist, wie auch jene der Pseudogap-Phase, erscheinen beide an der Fermi-
fläche, wobei sich die Pseudoenergielücke bereits bei deutlich höheren Temperaturen stabilisiert. Selbst
nach zwei Jahrzehnten weltweiter intensivster Forschungsarbeit ist die Ursache, wie auch der genaue
Zusammenhang der beiden Phänomene nicht vollständig geklärt. Diese fundamentalen Fragen bleiben
dank berechtigter Hoffnungen auf neue energieeffiziente Technologien Gegenstand vieler Forschungspro-
jekte und einen Forschungsgruppen im Bestreben um Erkenntnis um den ganzen Globus. Der erste Teil
dieser Arbeit beschreibt unsere Experimente mit dem Ziel Neues zum grundlegenden Verständnis der
Pseudogap-Phase beizutragen und Hinweise bezüglich deren Relevanz für das Auftreten der Hochtem-
peratursupraleitung zu finden. Im zweiten Teil werden unsere Untersuchungen zur attraktiven Wechsel-
wirkung beschrieben, die zur Cooperpaarbildung und somit zur Supraleitung führt. Desweiteren werden
Studien der Supraleiterenergielücke präsentiert. Zu den verwendeten Untersuchungsmethoden zählen die
Kernspinresonanz (NMR), die Kernquadrupolresonanz (NQR), die Muonspinrotation (µSR) und die Mes-
sung der magnetischen Suszeptibilität, angewandt auf unterschiedliche Kupratsupraleiter. In jüngster Zeit
hat der Ansatz orbitaler Ströme, die in der Kupferoxidebene der Kuprate fliessen sollen, zur Erklärung
der Pseudogap-Phase an Beachtung gewonnen. Bis heute fehlt jedoch der klare experimentelle Nachweis
dieser Ströme. NMR ist eine sensitive Methode, bestens geeignet zur Messung der von möglichen or-
bitalen Strömen herrührenden Magnetfelder. Unsere 89Y-NMR-Studie des Y2Ba4Cu7O15−￿-Supraleiters
hat keine direkten Hinweise für die Existenz orbitaler Ströme ergeben. Anhand der Daten wurde das
maximale, von möglichen orbitalen Strömen verursachte Magnetfeld am YPlatz ermittelt. Die spez-
ifischen Eigenschaften des untersuchten Kuprates erlaubten es zudem, eine mögliche Wechselwirkung
zwischen orbitalen Strömen benachbarter Kupferoxidebenen miteinzubeziehen. Aufgrund der Daten-
lage wurde gefolgert, dass statische Magnetfelder, die beim Eintritt in die Pseudogap-Phase erscheinen,
kleiner als ￿ 0.15 mT sind. Für die Obergrenze der Amplitude fluktuierender Magnetfelder wurde ein
Wert von ￿ 0.7 mT gefunden. Diese Grenzwerte unterschreiten die für Y-Ba-Cu-O-Materialien theo-
retisch vorhergesagten deutlich und stellen zwingende Bedingungen an Modelle orbitaler Ströme. Ein
weiterer Erklärungsversuch der Pseudogap-Phase thematisiert Effekte inhomogener Ladungsverteilung
der Leitungselektronen. Um solche Ladungseffekte aufspüren zu können, wurde Y in optimal dotiertem
YB2Cu3O7−￿ durch La ersetzt. Der La-Kern trägt ein Quadrupolmoment und verhält sich daher in
NMR/NQR-Messungen sensitiv auf Ladungseffekte. Es wurden NMR-Parameter, wie der magnetis-
che Verschiebungstensor, die Quadrupolfrequenz und der Asymmetrieparameter von 139La bestimmt.
Der aktuelle Stand unserer 139La-NMR/NQR-Studie lässt zur Zeit noch keine konkreten Schlussfol-
gerungen bezüglich der Relevanz von Ladungseffekten für Kupratsupraleitung zu. Es müssen weitere
experimentelle Anstrengungen unternommen werden, um das komplexe Kernspinrelaxationsverhalten zu
klären. Die Temperaturabhängigkeit der nuklearen Spin-Spin-Relaxationsrate scheint stark von Effek-
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ten beeinflusst, die nichts mit der Supraleitung zu tun haben, das unerwartete Temperaturverhalten der
nuklearen SpinGitter-Relaxation von 139La lässt auf die Beteiligung von Ladungseffekten schliessen. Der
Zusammenhang zwischen der Pseudogap- und der Supraleiterphase war Gegenstand einer µSR-Studie,
durchgeführt an optimal dotierten (BiPb)2(SrLa)2CuO6+￿-Einkristallen. Die Magnetfeldabhängigkeit
gewisser µSR-relevanter Parameter ist konsistent mit der Annahme, dass in diesem Material nicht ein
konventioneller s-wellenartiger, sondern ein d-wellenartiger Supraleitungsordnungsparameter realisiert ist.
Der direkte Vergleich von Berechnungen, basierend auf Resultaten winkelaufgelöster PhotoemssionsExeri-
mente, mit Ergebnissen unserer µSR-Untersuchung legt nahe, dass das Phänomen der Supraleitung und
jenes des Pseudogap-Zustandes von unterschiedlichen Regionen der Fermifläche dominiert werden, was
wiederum darauf hindeutet, dass diese beiden Phasen nicht in direktem Zusammenhang stehen, sondern
koexistieren. Weitere Untersuchungen zur Stützung dieser Aussage sind erforderlich. In einem weit-
eren Projekt wurde der Einfluss eines Sauerstoffisotopenaustausches auf die Supraleiterenergielücke von
Y1−xPrxBa2Cu3O7−￿ mittels Messungen der magnetischen Suszeptibilität von Pulverproben untersucht.
Diese Arbeit zielte darauf ab, das Verständnis um die attraktive Wechselwirkung, welche zur Supraleitung
führt, zu mehren. Der Isotopeneffekt der Supraleiterenergielücke, einschliesslich dessen Dotierungsab-
hängigkeit, wurde erstmals betimmt. Ein nicht-trivialer linearer Zusammenhang zwischen dem Isotopen-
effekt der Supraleiterenergielücke und demjenigen der Ubergangstem- ¨ peratur wurde gefunden. Es zeigte
sich, dass der Einfluss des Isotopenaustausches mit zunehmender Dotierung sich zusehends vermindert,
und schliesslich gar das Vorzeichen bei nahezu optimaler Dotierung ändert. Der gefundene Dotierungsver-
lauf entspricht der Vorhersage eines Modells, das auf Polaronen basiert. Das Auftreten des Isotopeneffekts
weist deutlich auf die Beteiligung von Gittereffekten zur Kupratsupraleitung hin. Die komplexe Natur
der Supraleiterenergielücke wurde in einer weiteren µSR-Untersuchung eines YBa2Cu3O7−￿-Einkristalles
genauer studiert. Ein signifikanter Anstieg der µSR-Depolarisationsrate, welche sich proportional zur
planaren superfluiden Dichte des Supraleiters verhält, wurde bei tiefen Temperaturen festgestellt. Diese
Beobachtung lässt sich durch Multi-Band-Supraleitung erklären, wobei eine der Supraleiterenergielücken,
welche jeweils mit verschiedenen Bändern assoziiert sind, im Vergleich zu einer anderen deutlich kleiner
sein muss. Im Gegensatz dazu sättigt die suprafluide Dichte mit sinkender Temperatur für die Kom-
ponente senkrecht zu den Kupferoxidschichten. Die µSR-Daten legen daher eine Supraleiterenergielücke
mit dominant d-wellenartiger Komponente in den Kupferoxidschichten und einer dominat s-wellenartigen
Komponente senkrecht nahe, wobei wegen der Wechselwirkung zwischen den verschiedenen Bändern in
der planaren superfluiden Dichte eine Beimischung der s-Komponente und in derjenigen senkrecht zu
den Schichten eine d-wellenartige Beimischung vorhanden scheint, was verdeutlicht, dass Erklärungsver-
suche der Supraleitung, welche sich ausschliesslich auf die Kupferoxidebenen der Kuprate konzentrieren,
Wesentliches vernachlässigen.
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Abstract
The cuprates constitute a fascinating class of material that hosts many physical phe-
nomena not encountered in other solids. The most prominent feature is perhaps the
transition to a superconducting state at a comparatively high temperature Tc, even ex-
ceeding 135 K in some compounds. Furthermore, a so-called pseudogap phase has been
discovered, which is a peculiar state of the electronic system, associated with a par-
tial gap in the electronic excitation spectrum. The superconducting energy gap and the
pseudogap both open at the Fermi energy, but the pseudogap can appear already at tem-
peratures substantially higher than Tc. Two decades of intense study since the discovery
of these phenomena there is still no consensus on their origin and interplay. The research
on cuprates remains, however, highly active. On the one hand the obvious potential for
technical application of cuprates stokes justified hopes for new energy-efficient technolo-
gies, while on the other, the scientific challenge of understanding the physics involved
prods researchers all over the world.
The first part of this Thesis is dedicated to our efforts to elucidate the nature of the
pseudogap phase and its relevance for the occurrence of superconductivity. In the sec-
ond part, we outline our investigations concerning the superconducting energy gap and
the underlying mechanism responsible for its formation. A variety of methods, such as
nuclear magnetic resonance (NMR), nuclear quadrupole resonance (NQR), muon-spin
rotation (µSR), and magnetic susceptibility measurements was applied in our studies of
various cuprate superconductors.
The notion of orbital currents for explaining the pseudogap phase has received wide
attention in recent years, but no unambiguous experimental evidence confirms this pro-
posed ordered state. Using NMR, we searched for magnetic fields associated with the
orbital currents that are expected to appear in the copper-oxide planes of the cuprates.
Our 89Y NMR study of Y2Ba4Cu7O15−δ did not reveal any clear signature of orbital
currents. From experimental results, limits for additional magnetic fields at the Y-site
were deduced. Static magnetic fields as well as dynamic field amplitudes were investi-
gated. Due to the specific properties of the bi-layer compound, a possible interaction
between currents originating in neighboring copper-oxide planes was also considered. It
was concluded that any additional static magnetic field at the Y-site, appearing in the
normal-conducting state below room temperature, must be . 0.15 mT. For the fluc-
tuating field amplitude, an upper limit of ∼ 0.7 mT was determined. These values are
considerably smaller than theoretical predictions for Y-Ba-Cu-O in the range of several
tens of mT, thus imposing significant constraints on orbital-current models.
Another theoretical approach relates the occurrence of the pseudogap phase to charge
inhomogeneity. In order to verify this conjecture, the Y-atom in optimally doped
YB2Cu3O7−δ was substituted for La, which has a nuclear quadrupole moment, thus
enabling a direct test of charge effects by means of NMR/NQR. NMR relevant param-
eters for the La, such as the 139La magnetic shift tensor, the quadrupole frequency, and
the asymmetry parameter were successfully determined. The present status of our 139La
NMR/NQR investigation, however, does not allow conclusive statements about the role
of charge inhomogeneity in cuprates. Further efforts are required, in particular to clarify
the unusual and complex behavior of the nuclear relaxation. The spin-spin relaxation
xof 139La appears to be ambiguous and the findings strongly depend on effects that are
expected to be of minor relevance for superconductivity. From the temperature depen-
dence of the 139La spin-lattice relaxation, however, it is evident that charge effects are
indeed involved in the nuclear spin dynamics.
In order to investigate the role of the pseudogap in high-temperature superconduc-
tivity a µSR study on optimally doped (BiPb)2(SrLa)2CuO6+δ single crystals was per-
formed. From the field dependence of the µSR depolarization rate we concluded that the
superfluid density in the copper-oxide planes shows a behavior that excludes isotropic
s-wave superconductivity, but is consistent with a dominant d-wave order parameter.
The comparison of the measured temperature dependence of the magnetic field penetra-
tion depth λ with results from a calculation using angular resolved photoemission data
from a similar sample, suggests that the pseudogap and the superconducting phase are
dominated by different parts of the Fermi surface, and indicates that the two phases
coexist.
The question about the nature of the mechanism responsible for superconductivity
was approached using magnetization measurements in low magnetic fields. Using powder
samples the oxygen-isotope effect for the zero-temperature superconducting energy gap
in Y1−xPrxBa2Cu3O7−δ, including the doping dependence, was determined here for the
first time. A non-trivial linear relation between the isotope effects on the gap and on
Tc was found. Both isotope effects are most pronounced in the underdoped regime, and
decrease toward optimum doping, eventually reversing the sign around optimum doping.
This doping dependence, including the sign reversal, was predicted by model calculations
based on polaron formation, and is not expected considering purely electronic mecha-
nisms only. The presence of a substantial isotope effect shows the importance of the
lattice for the physics of cuprate superconductivity.
The complex nature of the superconducting energy gap was further investigated by
means of µSR experiments on single crystalline YBa2Cu3O7−δ. The µSR depolarization
rate, which is proportional to the in-plane superfluid density, shows a distinct increase
towards low temperatures as temperature is decreased. This behavior is expected for a
two-gap mechanism for which one gap is considerably smaller. In contrast, the out-of-
plane superfluid density saturates as the temperature decreases. The µSR data suggest
the presence of a major d-wave gap in the copper-oxide planes of cuprates, which mixes
with an isotropic gap and dominates the out-of-plane superfluid density. Due to this
mixing a small s-wave component is also present in the in-plane superfluid density. This
emphasizes the importance of the third dimension for the cuprates and limits the validity
two-dimensional approaches that focus exclusively on the copper-oxide planes.
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Zusammenfassung
Kuprate bilden eine a¨usserst interessante Werkstoffgruppe, die einige faszinierende
fest-ko¨rperphysikalische Eigenschaften in sich vereint. Die mitunter bemerkenswerteste
ist das Auftreten von Supraleitung bei rekordhohen U¨bergangstemperaturen von u¨ber
135 K. Des Weiteren wurde in den Kupraten die sogenannte Pseudogap-Phase lokalisiert,
welche durch eine partielle Energielu¨cke im elektronischen Anregungsspekrum charak-
terisiert ist. Die Energielu¨cke, die mit der Supraleitung assoziiert ist, wie auch jene der
Pseudogap-Phase, erscheinen beide an der Fermifla¨che, wobei sich die Pseudoenergielu¨cke
bereits bei deutlich ho¨heren Temperaturen stabilisiert. Selbst nach zwei Jahrzehnten
weltweiter intensivster Forschungsarbeit ist die Ursache, wie auch der genaue Zusam-
menhang der beiden Pha¨nomene nicht vollsta¨ndig gekla¨rt. Diese fundamentalen Fragen
bleiben dank berechtigter Hoffnungen auf neue energieeffiziente Technologien Gegenstand
vieler Forschungsprojekte und einen Forschungsgruppen im Bestreben um Erkenntnis um
den ganzen Globus.
Der erste Teil dieser Arbeit beschreibt unsere Experimente mit dem Ziel Neues zum
grundlegenden Versta¨ndnis der Pseudogap-Phase beizutragen und Hinweise bezu¨glich
deren Relevanz fu¨r das Auftreten der Hochtemperatursupraleitung zu finden. Im zweiten
Teil werden unsere Untersuchungen zur attraktiven Wechselwirkung beschrieben, die zur
Cooperpaarbildung und somit zur Supraleitung fu¨hrt. Desweiteren werden Studien der
Supraleiterenergielu¨cke pra¨sentiert. Zu den verwendeten Untersuchungsmethoden za¨hlen
die Kernspinresonanz (NMR), die Kernquadrupolresonanz (NQR), die Muonspinrotation
(µSR) und die Messung der magnetischen Suszeptibilita¨t, angewandt auf unterschiedliche
Kupratsupraleiter.
In ju¨ngster Zeit hat der Ansatz orbitaler Stro¨me, die in der Kupferoxidebene der
Kuprate fliessen sollen, zur Erkla¨rung der Pseudogap-Phase an Beachtung gewonnen.
Bis heute fehlt jedoch der klare experimentelle Nachweis dieser Stro¨me. NMR ist eine
sensitive Methode, bestens geeignet zur Messung der von mo¨glichen orbitalen Stro¨men
herru¨hrenden Magnetfelder. Unsere 89Y-NMR-Studie des Y2Ba4Cu7O15−δ-Supraleiters
hat keine direkten Hinweise fu¨r die Existenz orbitaler Stro¨me ergeben. Anhand der Daten
wurde das maximale, von mo¨glichen orbitalen Stro¨men verursachte Magnetfeld am Y-
Platz ermittelt. Die spezifischen Eigenschaften des untersuchten Kuprates erlaubten es
zudem, eine mo¨gliche Wechselwirkung zwischen orbitalen Stro¨men benachbarter Kupfer-
oxidebenen miteinzubeziehen. Aufgrund der Datenlage wurde gefolgert, dass statische
Magnetfelder, die beim Eintritt in die Pseudogap-Phase erscheinen, kleiner als∼ 0.15 mT
sind. Fu¨r die Obergrenze der Amplitude fluktuierender Magnetfelder wurde ein Wert
von ∼ 0.7 mT gefunden. Diese Grenzwerte unterschreiten die fu¨r Y-Ba-Cu-O-Materialien
theoretisch vorhergesagten deutlich und stellen zwingende Bedingungen an Modelle or-
bitaler Stro¨me.
Ein weiterer Erkla¨rungsversuch der Pseudogap-Phase thematisiert Effekte inhomo-
gener Ladungsverteilung der Leitungselektronen. Um solche Ladungseffekte aufspu¨ren
zu ko¨nnen, wurde Y in optimal dotiertem YB2Cu3O7−δ durch La ersetzt. Der La-Kern
tra¨gt ein Quadrupolmoment und verha¨lt sich daher in NMR/NQR-Messungen sensitiv
auf Ladungseffekte. Es wurden NMR-Parameter, wie der magnetische Verschiebungs-
tensor, die Quadrupolfrequenz und der Asymmetrieparameter von 139La bestimmt. Der
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aktuelle Stand unserer 139La-NMR/NQR-Studie la¨sst zur Zeit noch keine konkreten
Schlussfolgerungen bezu¨glich der Relevanz von Ladungseffekten fu¨r Kupratsupraleitung
zu. Es mu¨ssen weitere experimentelle Anstrengungen unternommen werden, um das
komplexe Kernspinrelaxationsverhalten zu kla¨ren. Die Temperaturabha¨ngigkeit der nuk-
learen Spin-Spin-Relaxationsrate scheint stark von Effekten beeinflusst, die nichts mit der
Supraleitung zu tun haben, das unerwartete Temperaturverhalten der nuklearen Spin-
Gitter-Relaxation von 139La la¨sst auf die Beteiligung von Ladungseffekten schliessen.
Der Zusammenhang zwischen der Pseudogap- und der Supraleiterphase war Gegen-
stand einer µSR-Studie, durchgefu¨hrt an optimal dotierten (BiPb)2(SrLa)2CuO6+δ-Ein-
kristallen. Die Magnetfeldabha¨ngigkeit gewisser µSR-relevanter Parameter ist konsis-
tent mit der Annahme, dass in diesem Material nicht ein konventioneller s-wellenartiger,
sondern ein d-wellenartiger Supraleitungsordnungsparameter realisiert ist. Der direkte
Vergleich von Berechnungen, basierend auf Resultaten winkelaufgelo¨ster Photoemssions-
Exerimente, mit Ergebnissen unserer µSR-Untersuchung legt nahe, dass das Pha¨nomen
der Supraleitung und jenes des Pseudogap-Zustandes von unterschiedlichen Regionen der
Fermifla¨che dominiert werden, was wiederum darauf hindeutet, dass diese beiden Phasen
nicht in direktem Zusammenhang stehen, sondern koexistieren. Weitere Untersuchungen
zur Stu¨tzung dieser Aussage sind erforderlich.
In einem weiteren Projekt wurde der Einfluss eines Sauerstoffisotopenaustausches
auf die Supraleiterenergielu¨cke von Y1−xPrxBa2Cu3O7−δ mittels Messungen der mag-
netischen Suszeptibilita¨t von Pulverproben untersucht. Diese Arbeit zielte darauf ab,
das Versta¨ndnis um die attraktive Wechselwirkung, welche zur Supraleitung fu¨hrt, zu
mehren. Der Isotopeneffekt der Supraleiterenergielu¨cke, einschliesslich dessen Dotierungs-
abha¨ngigkeit, wurde erstmals betimmt. Ein nicht-trivialer linearer Zusammenhang zwis-
chen dem Isotopeneffekt der Supraleiterenergielu¨cke und demjenigen der U¨bergangstem-
peratur wurde gefunden. Es zeigte sich, dass der Einfluss des Isotopenaustausches mit
zunehmender Dotierung sich zusehends vermindert, und schliesslich gar das Vorzeichen
bei nahezu optimaler Dotierung a¨ndert. Der gefundene Dotierungsverlauf entspricht der
Vorhersage eines Modells, das auf Polaronen basiert. Das Auftreten des Isotopeneffekts
weist deutlich auf die Beteiligung von Gittereffekten zur Kupratsupraleitung hin.
Die komplexe Natur der Supraleiterenergielu¨cke wurde in einer weiteren µSR-Unter-
suchung eines YBa2Cu3O7−δ-Einkristalles genauer studiert. Ein signifikanter Anstieg der
µSR-Depolarisationsrate, welche sich proportional zur planaren superfluiden Dichte des
Supraleiters verha¨lt, wurde bei tiefen Temperaturen festgestellt. Diese Beobachtung la¨sst
sich durch Multi-Band-Supraleitung erkla¨ren, wobei eine der Supraleiterenergielu¨cken,
welche jeweils mit verschiedenen Ba¨ndern assoziiert sind, im Vergleich zu einer an-
deren deutlich kleiner sein muss. Im Gegensatz dazu sa¨ttigt die suprafluide Dichte
mit sinkender Temperatur fu¨r die Komponente senkrecht zu den Kupferoxidschichten.
Die µSR-Daten legen daher eine Supraleiterenergielu¨cke mit dominant d-wellenartiger
Komponente in den Kupferoxidschichten und einer dominat s-wellenartigen Komponente
senkrecht nahe, wobei wegen der Wechselwirkung zwischen den verschiedenen Ba¨ndern
in der planaren superfluiden Dichte eine Beimischung der s-Komponente und in derjeni-
gen senkrecht zu den Schichten eine d-wellenartige Beimischung vorhanden scheint, was
verdeutlicht, dass Erkla¨rungsversuche der Supraleitung, welche sich ausschliesslich auf
die Kupferoxidebenen der Kuprate konzentrieren, Wesentliches vernachla¨ssigen.
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11 Preface
In 1908, H. Kamerlingh-Onnes succeeded in liquifying helium. This milestone achieve-
ment of cryogenics extended the accessible temperature range down to just a few Kelvin
above absolute zero. Subsequent investigations of very pure mercury at low tempera-
tures revealed an unexpected sudden drop in resistivity at 4.2 K to a value below the
limit of instrument sensitivity [1]. A new state of matter was confirmed: Superconduc-
tivity. The dissipation-less charge transport, however, is only realized at sufficiently low
temperatures and below some critical magnetic field. Twenty years later, W. Meissner
and R. Ochsenfeld found that superconductors are not only ideal conductors, but also
show perfect diamagnetism, i.e. they completely expel magnetic fields from the bulk [2].
It was not until 1957 that J. Bardeen, L.N. Cooper, and J.R. Schrieffer provided a mi-
croscopic description of superconductivity, the BCS theory [3], the essence of which is
that electrons form pairs due to a weak net attraction.
Despite intense effort to synthesize compounds with a high transition temperature Tc,
superconductivity remains a low-temperature phenomenon. In 1973, more than half a
century after the discovery of superconductivity, a transition temperature of 23 K was
found in Nb3Ge. This record temperature was not superseded until 1986, when high-
temperature superconductivity in the copper-oxide system Ba-La-Cu-O was found by
J.G. Bednorz and K.A. Mu¨ller [4]. The collective name, cuprates, refers to the CuO2
planes common to them. When the news of superconductivity in cuprates at the un-
expected high temperature of 35 K spread around the world, a new field of research
emerged, which has remained vigorously active since then. Within a few years, work on
the cuprate systems resulted in transition temperatures as high as Tc = 138 K [5,6]. This
development in itself emphasizes the importance of the discovery in 1986. Not only do
the layered copper oxides show exotic superconductivity, they also host a large variety of
solid-state phenomena, as illustrated, e.g. by the phase diagram (Fig. 1), which seems to
be generic for cuprate superconductors. It is this complexity that hampers the progress
in understanding the physics behind the exciting properties of the cuprates.
One of the systems in which high-temperature superconductivity was first detected
was La2−xSrxCuO4 (LSCO), where x is the doping fraction. The maximum Tc ≈ 40 K for
this compound occurs for x = 0.15. Through doping with Sr, electrons are removed from
the planes of the insulator parent compound, leaving behind holes that make the material
conducting. At sufficiently low temperatures the compound becomes superconducting in
a characteristic range of x. Other cuprate families have similar phase diagrams, such as
YBCO (YBa2Cu4O8 and YBa2Cu3O7−δ) and BSCCO (Bi2Sr2CanCun+1O4+2n+δ, where
n + 1=1, 2, 3 is the number of CuO2 planes in the crystallographic unit cell and δ the
oxygen deficiency). High temperature superconductivity in the cuprates requires doping
with charge carriers, either intrinsically or extrinsically, of an antiferromagnetic parent
compound. The transition temperature increases with doping, attaining a maximum
value for a doping fraction known as optimal doping. In YBCO and BSCCO, doping
is controlled through the oxygen deficiency δ or through partial chemical substitution
of some specific ions. YBCO exhibits a maximum Tc ≈ 92 K, and for BSCCO even a
Tc ≈ 110 K was reached. In Fig. 2 the crystal structures of some important cuprate
superconductors are shown.
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Figure 1: The schematic phase diagram, typical for cuprate superconductors, qualita-
tively showing the several phases depending on the number of holes per plane-copper
atom (doping). The undoped parent compound is an antiferromagnetic (AFM) insulator.
With increasing doping, the spin-glass (SG), the superconducting (SC), and the Fermi-
liquid-like (FL) phases appear. In addition, the pseudogap (PG) phase is indicated. The
corresponding characteristic temperatures for the AFM, SG, SC, and PG phases are TN,
TSG, Tc and T
∗, respectively.
The low energy physics of the quasi two-dimensional planes mentioned before is
often simplified into a Hubbard model [7]. With one electron per copper site (half fill-
ing), a metal-to-insulator transition is observed. Essentially driven by strong Coulomb
repulsion, this transition can be described within the framework of Mott physics. Due
to the Coulomb interaction, double occupancy at a copper site is energetically not fa-
vorable, which is why the electrons become localized at half band filling. Below the
Ne´el temperature TN, the uncompensated spins of the copper 3d electron are arranged
in antiferromagnetic order that is rapidly destroyed by only a few percent of hole doping
(Fig. 1). For increasing doping, the dome of superconductivity reaches a maximum Tc for
optimum hole doping. The regions to the left and and to the right of the dome maximum
are called underdoped and overdoped respectively. Cuprates are not good metals, since
the carrier concentration is about one or two orders of magnitude lower than for typical
metals.
Cuprates behave in some respects like conventional superconductors. There is, though,
no satisfactory theory for high-temperature superconductivity available at present, since
the BCS theory does not comprise all of the physics involved. Meanwhile, photoemis-
sion and also de Haas-van Alphen oscillation experiments clearly evidence that cuprates
possess a well-defined Fermi surface, at which a superconducting energy gap opens in
the excitation spectrum. This gap, however, has a more complex nature compared with
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Figure 2: Crystal structure of several cuprate families. Panel (a) shows the crystal
structure of single-layer La2−xSrxCuO4 (LSCO), which exhibits a maximum Tc ≈ 40 K.
(b) presents the double-layer YBa2Cu3O7−δ having a Tc ≈ 91 K at optimum doping. (c),
(d), and (e) show the single-, double-, and tri-layer Bi-based cuprate superconductor
with maximum Tc ≈ 35, 93, 110 K, respectively. The arrows indicate the CuO2 planes.
the conventional superconductors. In addition, it has to be emphasized that in many
cuprates a gap occurs at low doping levels even at elevated temperatures, sometimes
far above Tc. This anomalous electronic feature is referred to as the pseudogap. The
superconducting gap and the pseudogap, and their mutual relation, are under intense
debate at the time of writing.
Although the physics responsible for high-temperature superconductivity is not yet
well understood, the induced formation of hole pairs is evident from tunneling experi-
ments. Using nuclear magnetic resonance (NMR), the spin susceptibility was found to
decrease in the superconducting phase, which shows that the carriers condense in pair
singlet states. For a sufficiently strong external magnetic field, vortices penetrate the
bulk material as in conventional type-II superconductors. The magnetic field necessary
to quench superconductivity, the upper critical field, is comparatively high, though. As
for the very short coherence length, a measure of the spatial pair extension, cuprate
superconductors are highly unconventional and show enhanced fluctuation effects. Fur-
thermore, the cuprates show a much stronger anisotropy for basic superconductor prop-
erties than conventional superconductors do.
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It is widely accepted that superconductivity mainly takes place in the CuO2 planes.
Depending on the actual composition, the cuprate unit cell contains a different number
of planes (Fig. 2). The strong anisotropy of the cuprates manifests itself e.g. in the
electronic transport properties, for which the in-plane conductivity is several orders of
magnitude higher than perpendicular to the planes. This obvious two-dimensionality
leads naturally to theoretical explanations focusing on the CuO2 planes only. Still, the
third dimension must not be neglected, since purely two-dimensional models do not ac-
commodate all the physics necessary to explain many observed features, in particular
not the high transition temperature Tc.
In conventional superconductors, the pairing of carriers is mediated through phonons.
As of writing, the pairing mechanism in the cuprates is not well understood, in spite of
the huge efforts undertaken, which illustrates again the highly complex physics involved.
The defining property of a superconductor is the superconducting energy gap that opens
at the Fermi surface. This gap can be investigated experimentally with several differ-
ent techniques. Muon-spin rotation (µSR) experiments performed in external magnetic
fields yield unambiguous information about bulk properties, e.g. the internal magnetic
field distribution in the vortex state, thus allowing conclusions about the size and sym-
metry of the superconducting gap. A commercial physical property measurement system
(PPMS) with an AC susceptibility insert, provides a convenient instrument for measur-
ing the superconducting energy gap and resolving subtle isotope effects.
The metallic state in the underdoped regime shows exceptional properties, in the
pseudogap phase above Tc, which presently are under intense study. The pseudogap is
a partial gap that, like the superconducting energy gap, also affects the spectral weight
close to the Fermi energy. Evidence for the pseudogap formation has been found in many
experiments using different techniques, including NMR [8], tunneling microscopy [9],
angle resolved photoemission spectroscopy (ARPES) [10], resistivity [11] and specific
heat [12] measurements, and neutron crystal-field spectroscopy [13]. Much effort has
been devoted to the investigation of the controversial connection between the supercon-
ducting phase and the pseudogap phase. Despite the large body of experimental data,
though, a comprehensive understanding of the relation between these two phenomena is
still missing. While ARPES offers a detailed picture of the pseudogap, see e.g. [14], it was
NMR [8] and magnetic susceptibility experiments [15] that provided earliest indication
of a normal-state gap. NMR enables investigation of the microscopic magnetic character
of the copper oxides and does neither require big samples nor meticulously prepared
surfaces. For nuclei with a quadrupole moment, also charge effects can be investigated.
The power of NMR mainly comes from its highly local nature, allowing the influence
of the surroundings on distinct atomic species to be studied, even with respect to their
crystallographic site. NMR is therefore particularly useful for testing microscopic models
proposed to explain the physics of cuprates.
Following this, we describe our NMR investigation of magnetism from so-called orbital
currents, predicted by microscopic theories for the pseudogap phase. Our study results
impose constraints on the orbital-current models. In addition, an NMR investigation
of charge inhomogeneities in cuprates and their possible relation to the anomalous gap
is presented, and qualitative evidence for charge effects from relaxation studies given.
Moreover, the relevance of the pseudogap for the occurrence of superconductivity is ad-
5dressed on the basis of µSR data. A comparison of our data with theoretical calculations
based on ARPES results, suggests that the pseudogap and superconductivity are coex-
isting phases.
The latter part of this Thesis deals with fundamental properties of superconductivity.
We present our investigations of lattice effects and superconductivity in the cuprates
from investigations of the oxygen-isotope effect for the superconducting energy gap by
means of AC susceptibility measurements. A novel oxygen-isotope effect was found,
which scales linearly with the isotope effect for the transition temperature Tc. Finally,
we discuss the multi-gap superconductivity in cuprate superconductors and present our
related µSR results.
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72 The energy gap of the pseudogap phase
In this chapter our work concerning the pseudo energy gap (pseudogap) using nuclear
magnetic resonance and muon-spin rotation techniques is described.
The physics behind the pairing of charge carriers responsible for high-temperature
superconductivity is presently not well understood. Magnetism is assumed to be crucial
for the mutual binding of charge carriers. In a simplified picture, a charge carrier jumps
from one copper site to the next in the copper-oxygen plane, thereby disturbing the an-
tiferromagnetic order of the copper atomic spins. A second charge carrier contributes to
restore the energetically favorable spin order and thus prevents spin frustration. Similar
to the phonon-mediated interaction between carriers, the two carriers experience a net
attraction, forming a bound state that eventually leads to superconductivity. The mag-
netic interaction is not discussed in detail here, since this would take us beyond the scope
of this work. The reader is referred to the literature, e.g. [16]. Instead, we concentrate
here on the so-called pseudogap phase.
Several theoretical models describe the pseudogap in terms of the orbital-current
phase, which is a direct consequence of the Hubbard model. As indicated already by
its name, the pseudogap is a peculiar phenomenon, observed in underdoped cuprate
high-temperature superconductors but not encountered in common metals. It manifests
itself as a partial gap in the electronic density of states at the Fermi surface, appear-
ing in the normal conducting phase below a certain crossover temperature T ∗. NMR
work early on provided evidence for the pseudogap. Curro et al. measured the Knight
shift 63K of the copper nuclear spin in the CuO2 plane of YBa2Cu4O8 [18], finding a
nearly temperature independent shift above 300 K and an onset of a decrease below. At
∼ 80 K, the onset temperature for superconductivity in this compound, a loss of 80% of
the room-temperature spin susceptibility was observed. Later NMR measurements on
the similar YBa2Cu3O6+x by Alloul et al. showed that the characteristic temperature
T ∗ depends on doping [19], and various other experiments confirmed their findings (see,
e.g. [20–22]).
For sufficiently underdoped cuprates the pseudogap is much larger than the supercon-
ducting gap, gradually decreasing with increasing doping until it finally merges with the
superconducting gap somewhere in the overdoped regime. Several techniques for probing
the Fermi surface provide information about this exotic electronic property. In fact, the
pseudogap is not only found in the cuprates, but the newly discovered pnictides also
show properties which may be related to a pseudogap (see, e.g. [23,24]). Using ARPES,
a dependence of the pseudogap on the wave vector k was evidenced [14,25]. It was shown
that the pseudogap develops gradually toward a maximum value in the anti-nodal region
of the Fermi arc, i.e. along the copper-oxygen bonds in the plane, whereas it vanishes
near the diagonal of the Cu-O bonds, i.e. the nodal direction.
In the pseudogap phase (T ∗ > T > Tc), a temperature independent anti-nodal gap
with an entirely gapless Fermi arc in the near-nodal region appears. In contrast, the
superconducting gap (T < Tc) has point nodes only (along the diagonal of the planar
Cu-O bond) and shows a temperature dependent near-nodal gap [25].
Even two decades after the discovery of the pseudogap, its properties remain elusive.
It has not yet been finally resolved for instance, whether a one-particle or a two-particle
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interaction is responsible. Further, it is also not clear, whether an order parameter char-
acterizes this phase. It therefore remains a key issue to clarify the interplay between the
superconducting and the pseudogap phases.
Two main pseudogap scenarios have been suggested, see e.g. [26, 27] and references
therein. In a so-called precursor scenario the pseudogap is assumed to evolve to be-
come the superconducting gap as the temperature is lowered across Tc. Cooper pairs,
preformed in the range T ∗ > T > Tc, gain long-range phase coherence below Tc and
form the superconducting condensate. In other words, the pseudogap is the incoherent
continuation of the superconducting gap above Tc, see e.g. [28, 29]. In a contrasting
view, the pseudogap and the superconducting state are two distinct coexisting phases
that even may compete. The latter is therefore known as the ”competing” scenario.
Quite a number of experiments indicate the existence of two independent phenomena,
see e.g. [14, 20,25,30,31], but the debate is still ongoing.
The concept of orbital currents was recently proposed in order to explain the prop-
erties of the pseudogap in a precursor scenario. Several specific current patterns have
been suggested, all of which break time-reversal symmetry, but only a few translational
symmetry. The distinguishing characteristic of any orbital-current pattern is the induced
magnetic field signature. So far the magnetic moments associated with orbital currents
were explored using neutron scattering and muon-spin rotation. Recent neutron scatter-
ing studies claim evidence for magnetism compatible with one of the proposed current
patterns appearing below T ∗ in underdoped cuprates. Commensurate magnetic peaks
for T < T ∗ were reported for YBa2Cu3O6+x [32, 33] and HgBa2CuO4+δ [34]. Based on
muon-spin rotation experiments, an upper limit for static, time-reversal breaking fields
of 0.02 mT was reported [35]. It was pointed out [36], however, that the local fields may
become reduced by screening due to the charge of the implanted muon.
In this work we add NMR to the list of methods by which the orbital-current state
was investigated. NMR is a microscopic tool, sensitive to fluctuating as well as static
internal magnetic fields. A major advantage of NMR is that the nuclear moments of the
atoms act as probes, eliminating the need for introducing anything potentially disturb-
ing. Fortunately, in the case of the cuprates all the important sites of the structure are
amenable to NMR. Moreover, different sites of the same atomic species can be investi-
gated separately since the electric field gradient and the local magnetic fields determine
site-specific NMR parameters and their dependence on temperature and magnetic field.
The interaction between the excited nuclei and their surroundings provides valuable in-
formation about the electronic system. We applied NMR in the search for the magnetic
field arrangement produced by possible orbital currents, but no evidence was found.
Instead, we provide upper limits for additional static and fluctuating fields, which con-
stitute significant constraints on theoretical predictions.
Another open question is the relevance of stripes, or more generally, charge inho-
mogeneities in high-temperature superconductivity, see e.g. [37]. Nuclei with electric
quadrupole moments, such as copper and oxygen, are directly sensitive to charge ef-
fects. Stripe formation is expected in the copper-oxygen planes, since the mobile charge
carriers are believed to be mainly confined within the plane [38]. Very likely, charge
inhomogeneity, like stripes, are dynamic and fluctuate, at least at elevated tempera-
tures, at almost electronic frequencies. In order to search for possible charge effects, it
9is worthwhile to investigate the temperature behavior of various NMR parameters, and
to probe static and dynamic charge processes. As doping increases toward optimum,
the long-range antiferromagnetism is rapidly destroyed. Short-range antiferromagnetic
correlation between the copper atomic spins, however, persist. The nuclear spin-lattice
relaxation of the copper nuclei in the CuO2 plane is dominated by the strong fluctua-
tions of the antiferromagnetically arranged copper atomic spins, whence the relaxation
exhibits a predominant magnetic character. The nuclear spins of the oxygen atoms in
the plane also relax mainly because of these fluctuations, although they cancel to a large
extent for symmetry reasons. At low temperatures (∼ 1 K), however, a distinct spin-
lattice relaxation rate maximum of quadrupolar nature has been detected for the copper
nuclei [39]. Around 100 K the oxygen nuclei also show a small quadrupolar contribution
to the spin-lattice relaxation [40], which may be related to the copper relaxation rate
maximum.
We investigated charge effects by introducing a charge sensitive nucleus at the Y-site
of YBCO, which is located between the copper-oxygen planes. A promising candidate
was found in 139La for which NMR and NQR signals in LaBa2Cu3O7−δ were successfully
detected, and the nuclear relaxation mechanisms studied.
Later in this chapter, we discuss the relevance of pseudogap formation for high-
temperature superconductivity while considering muon-spin rotation experiments. A
comparison of model calculations, using results of photoemission experiments, with µSR
data suggests that in optimally doped (BiPb)2(SrLa)2CuO6+δ the pseudogap phase and
the superconducting phase are dominated by different parts of the Fermi surface. This
finding indicates that the pseudogap state and the superconducting state constitute dis-
tinct coexisting properties of the electronic system.
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2.1 NMR and NQR search for the orbital-current phase
2.1.1 Concept of nuclear magnetic resonance
Solid-state NMR offers the unique possibility of probing different nuclear species and
atomic sites selectively. Nuclei with non-zero spin angular momentum ~I possess mag-
netic dipole moments µ = γ~I that induce nuclear magnetism. Here γ denotes the
gyromagnetic coupling constant. In fact, the weak coupling between the small moments
reduces any observable magnetism to nuclear paramagnetism. The local magnetic field
lifts the degeneracy the energy levels, which are populated according to the Boltzmann
distribution (i.e. proportional to exp(−Em/kT ) = exp(γ~mB0/kT ), m = −I to I).
The net magnetization resulting from an external magnetic field B0 or an internal lo-
cal magnetic field is essentially what we assess in NMR experiments. In absence of
nuclear quadrupole moments, all ∆m = 1 transitions between the equidistantly dis-
tributed energy levels are excited simultaneously through irradiation of the sample with
radio-frequency pulses providing the energy required. For nuclei with a (not too strong)
electrical quadrupole moment Q (i.e. I > 1
2
), the spectrum splits into a central and two
or more satellite lines (Fig. 3) that may be investigated separately. In the following,
the nuclear spin Hamiltonian, the magnetic shift, and the relaxation behavior of nuclear
spins will be briefly described.
Hamiltonian
A nucleus interacts with its environment through its magnetic moment and its electric
quadrupole moment. The Hamiltonian for the interactions of a nucleus with spin I and
quadrupole moment Q in the presence of a static magnetic field B0 and an electric field
gradient is given by the sum of a Zeeman part HZ and a quadrupole part HQ
H0 = HZ +HQ, (1)
where
HZ = −~γnI(1 + Ktot)B0 (2)
and
HQ =
eQVzz
4I(2I − 1)
[
3I2z − I2 +
η
2
(I2+ + I
2
−)
]
. (3)
Here γn denotes the nuclear gyromagnetic ratio, K
tot the magnetic shift tensor, Q the
nuclear quadrupole moment of the nucleus, Vii the principal components of the electric
field gradient at the nuclear site, and η = (Vxx − Vyy)/Vzz, 0 ≤ η ≤ 1, the asymmetry
parameter. We use the convention |Vxx| ≤ |Vyy| ≤ |Vzz|. Figure 3 shows, as an example, a
typical NMR spectrum for I = 3/2. On the left side of the term diagram a pure Zeeman
interaction is depicted. For non-vanishing Q and a crystal symmetry lower than cubic,
a quadrupole interaction has to be present; a pure quadrupole interaction is shown on
the right side of Fig. 3. In the central part of the figure the two interactions are shown
for the case of simultaneous presence.
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Figure 3: Typical nuclear energy level diagram for I = 3/2 in the presence of a magnetic
field alone (on the left), in the presence of a magnetic field and an electric field gradient
(in the middle), and in the presence of only an electric field gradient (on the right).
Magnetic shift
The magnetic coupling between the nuclear spin I and its electronic environment
can be viewed as a coupling between the nuclear magnetic moment ~γnI with a (time
dependent) hyperfine field generated locally at the site of the nucleus of species n, and
the spin and the angular momentum of the conduction electrons. The static part of
the hyperfine interaction leads to a shift of the Larmor frequency nωL = γnB0. This
magnetic shift may be anisotropic and is conveniently described by the magnetic shift
tensor nK, which may be decomposed into a spin, an orbital, and a diamagnetic part
nKαα =
nKspinαα +
nKorbαα +
nKdiaαα. (4)
Here α stands for any of the three principal directions x, y, or z. In the literature nKspin is
known as the Knight shift, which originates from the interaction of the nuclear spin with
the spins of delocalized and localized charge carriers. For a BCS superconductor, the
Knight shift is constant in the normal conducting state. Below the critical temperature
Tc, the spin shift decreases since the spins condense as spin-singlet pairs.
nKorb denotes
the typically temperature independent orbital shift, which derives from the coupling of
~γnI and the electronic orbital moment. Finally, nKdia is caused by diamagnetic effects.
Note that one cannot easily monitor the variation of the spin shift across Tc because of
the temperature dependent diamagnetic shielding in the superconducting state.
Considering separately the hyperfine interaction tensor and the static electronic spin
susceptibility χαα (i.e. at zero wave vector and zero frequency), the following expressions
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can be derived for the first two components of the magnetic shift tensor nKαα:
nKspinαα =
1
g µB
∑
j
(nAj)αα (χj)αα, (5)
nKorbαα =
1
µB
nOαα χ
orb
αα , (6)
where g refers to the Lande´ factor and µB is the Bohr magneton. The Knight shift
thus conveys information about both the static spin susceptibility and the hyperfine
interactions.
Spin-lattice relaxation
Following a perturbation, the nuclear spin ensemble relaxes toward equilibrium with
the lattice, i.e. its surrounding. The time constant T1, characterizing the thermalization
process, is known as the spin-lattice relaxation time. For nuclei, spontaneous emission
of radio frequency is negligible within the NMR time window. Fluctuating magnetic
fields and/or a fluctuating electric field gradient, however, couple the spin system to its
surroundings, enabling nuclear spin-energy transfer to the lattice. Nearly all relevant
mechanisms for spin-lattice relaxation in cuprates are based on electron-nucleus inter-
actions. In general, the relaxations of Cu, O, and Y nuclei are well described by the
Moriya formula [41,42], which can be written as [43]
n(
1
T1
)α =
γ2n kB T
2µ2B
∑
q,α 6=α′
|nAα′α′(q)|2 χ
′′
α′α′(q,
n ωL), T
nωL
(7)
nAαα(q) =
∑
j
(nAj)αα exp(iq · rj). (8)
Here α denotes the direction of the quantization axis, for NMR defined by the external
magnetic field B0. For NQR, however, α denotes the direction along the major principal
component Vzz of the electric field gradient and α
′ the direction perpendicular to α. χ′′
denotes the imaginary part of the complex electron susceptibility, which depends on wave
vector and energy. The hyperfine coupling tensors nAj refer either to the on-site (rj = 0)
or the transferred interaction (rj 6= 0). As may be seen from Eq. (7), measurements of
the relaxation rate provide information about the average of the wave vector dependent
imaginary spin susceptibility χ′′, which may also be determined in neutron scattering
experiments. The susceptibility shows a distinct peak for the antiferromagnetic wave
vector qAF = (pi/a, pi/a) [44–49], where a denotes the lattice constant.
For most simple metals, the spin-lattice relaxation rate divided by temperature,
1/(T1T ), is proportional to the square of the density of states at the Fermi level [50].
The rate is related to the Knight shift through the Korringa relation
1
nT1T
=
4pikB
~
(
γn
γe
)2
K2. (9)
The technique widely used for measuring the spin-lattice relaxation time is briefly de-
scribed in the following. The sample resides in a coil oriented transversely to the quanti-
zation axis. Spin echoes are produced with radio-frequency (rf) pulse sequences feeding
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the coil at chosen repetition rate. The leading rf pulse of the sequence inverts the nuclear
magnetization that is assumed to be in equilibrium along the quantization axis1, after
which the spin system gradually recovers. In order to probe the state of the spin recover-
ing system after a wait time tw, the remaining magnetization parallel to the quantization
axis is rotated by a second rf pulse of defined duration, thus producing a nuclear magneti-
zation precessing in a plane perpendicular to the quantization axis, as the spins gradually
dephase. After a delay time τ a refocusing pulse rotates the spin system trough 180◦ such
that a spin echo appears after another time τ . The time constant T1 is obtained from
the decay of the spin-echo intensity with tw. Generally, noise-averaging techniques have
to be applied in order to achieve the necessary statistics. In addition, elaborate pulse
sequence schemes are applied that suppress background noise by changing the phase of
the pulses in a certain pattern.
Spin-spin relaxation
The spin-spin relaxation time T2, also known as the transverse relaxation time, is a
measure of the decay of the transverse nuclear magnetization relative to the quantization
axis. In general, there are two ways to determine T2, either directly from the free in-
duction decay that develops after a short rf pulse, or from spin-echo experiments. Both
of these techniques are influenced by homogenous broadening related to local spin-spin
interactions, like e.g. the direct dipole-dipole interaction. The NMR/NQR spectrum is
also affected by inhomogeneous broadening from field inhomogeneity or structural disor-
der, making the free induction decay difficult to observe. The spin-echo pulse sequence
experiment, in contrast, does not necessarily suffer from these influences, and is thus
often the preferred choice of method.
A typical spin-echo pulse sequence used for measuring the spin-spin relaxation is com-
posed as follows: A leading rf pulse rotates the nuclear magnetization from its equilibrium
position along the quantization axis, through an angle 90◦ into the plane perpendicular
to the reference direction. This produces a precessing transverse magnetization from
spins that gradually loose coherence as they dephase. After a delay τ , a second rf pulse
causes the spins to refocus, such that an echo appears at time 2τ after the first pulse.
T2 is extracted from the decay of the spin-echo intensity with pulse spacing τ .
The time evolution of the spin-echo amplitude A can be expressed as:
A(2τ) = A0 exp
[
− 2τ
T2R
− 1
2
(
2τ
T2G
)2]
, (10)
where T2R is the Redfield term and T2G the Gaussian component of the spin-spin relax-
ation process. The Redfield contribution refers to the decay rate of the echo amplitude
due to spin-lattice relaxation [51]. The Gaussian component is caused by the nuclear
dipole-dipole interaction, which includes the direct as well as the indirect interactions of
the electronic system.
1Hence this procedure is named inversion-recovery method. Alternatively, a leading burst of several
rf pulses is transmitted to saturate the spin system first (saturation method).
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Figure 4: Some orbital-current patterns of circulating currents in the CuO2 planes of
cuprates (arrows indicate the direction of the current). (a) The currents in the d-density
wave (DDW) pattern, after [52, 53]. The two circulating-current (CC) patterns are
displayed in panels (b) and (c), after [54,55].
2.1.2 Motivation
A comprehensive microscopic theory for cuprate superconductivity remains an im-
portant problem in condensed matter physics. The proposed orbital-current phase for
explaining the physics of cuprates, in particular the pseudogap, has attracted much at-
tention in recent years. The most prominent of the suggested orbital-current schemes are
the d-density wave (DDW) phase [52,53] and the circulating current (CC) phase [54,55]
for which some current patterns are depicted in Fig. 4. The amount of experimental data
is still small compared to the theoretical efforts. Polarized neutron scattering studies on
YBCO [32,33] and HgBa2CuO4+δ [34] report magnetic features developping at a doping
dependent temperature that appears to coincide with the pseudogap temperature T ∗,
determined from resistivity measurements. A Kerr effect study performed on YBCO,
evidences breaking of the time-reversal symmetry near T ∗ [56] but at systematically
lower temperatures. No indication of fields violating the time-reversal symmetry could,
however, be found in µSR experiments [35]. As previously mentioned, it has been argued
that the µSR investigation may be hampered by self-doping effects due to the charge of
the muon, which could destroy the ordered state at the stopping site and thus reduce
the local fields significantly [36].
NMR is a highly sensitive method suitable for the study of local magnetic fields, pro-
viding information about static as well as on fluctuating internal fields. Its ability to
test the orbital-current models depends on the current-path and current strength. Static
fields arising from the proposed current phases (DDW, CC) cannot be detected by NMR
using nuclei of ions located in CuO2 plane, since for symmetry reasons the fields cancel at
these sites. Disregarding possible interplane interactions between the bi-layers of YBCO,
the Y-ions are not situated at centers of symmetry for the DDW and the CC phases. As
the nuclear spin of 89Y is experimentally accessible through NMR, 89Y NMR experiments
should be sensitive to orbital-current effects. In fact, for all proposed current patterns
the local fields generated at the Y-site are directed either parallel or perpendicular to
the c-axis, also for the exotic proposal involving the apex oxygen (Fig. 5) [57].
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Figure 5: Cuprate oxygen octahedron with the CuO2 plane indicated by shading and
with a copper atom at the center. The arrows indicate the orbital-current path, after [57].
The bi-layer cuprate superconductor Y2Ba4Cu7O15−δ (Y247) was chosen for our
investigation of the orbital-current phase. As Lee and Sha pointed out, the doping dif-
ference of neighboring planes rules out full cancellation of the single-plane magnetic fields
at the Y-site between the two CuO2 planes [7]. The Y-nucleus is a good candidate for
investigation of magnetic effects in cuprates, since it has no quadrupole moment that
would complicate the measurements if charge effects would be present.
2.1.3 Experimental details
Y247 consists of alternating YBa2Cu3O7−δ (Y123) and YBa2Cu4O8 (Y124) blocks
(Fig. 6). As for the parent compounds, stoichiometric Y124 is inherently underdoped
and shows a pronounced pseudogap, whereas Y123 is close to optimum doping, and
shows no indication of a pseudogap above Tc. The main structural difference between
Y123 and Y124 is that the latter possesses double chains without oxygen vacancies, in
contrast to the single-chain Y123. The CuO2 planes in Y247 form bi-layers separated
by Y-ions as in Y124 and Y123. Unlike the parent compounds, as pointed out above,
the adjacent planes in Y247 have different doping levels [59], which is a most important
feature for our study.
The Y247 sample was prepared by a solid-state reaction technique described in detail
elsewhere [58]. A Y247 sample with a phase-impurity level less than 0.5 % by volume
was achieved. The sample exhibits a transition temperature Tc = 95 K and a pseudogap
phase above Tc [59]. Due to the anisotropic magnetic susceptibility, the powder can be
oriented in an external static magnetic field. In order to preserve the orientation of the
grains, the powder was cured in epoxy in a 9 T field. The sample thus has a high degree of
c-axis alignment, allowing a study of the anisotropic properties of the sample. The a-axis
and the b-axis of the crystallites remain randomly distributed in a plane perpendicular
to the c-axis.
The 89Y NMR experiments were carried out in a 9 T magnet equipped with a flow
cryostat. A conventional phase-coherent pulse NMR spectrometer was used for the
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Figure 6: Crystal structure for some important YBCO compounds. (a) YBa2Cu3O7−δ
with δ = 0. The doping level is determined by the oxygen deficiency δ, maximum Tc ≈
93 K. (b) Stoichiometric YBa2Cu4O8 with Tc ≈ 82 K. (c) Y2Ba4Cu7O15−δ consisting of
alternating blocks of YBa2Cu3O7 and YBa2Cu4O8, Tc ≈ 95 K.
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measurements. The spin-lattice relaxation time was measured using a saturation-pulse
sequence, and a phase alternating spin-echo accumulation technique. The NMR line
width was obtained by complex Fourier transformation of the spin echo signal.
2.1.4 Results and Discussion
The magnetic signature discovered in neutron scattering data [33] for the normal con-
ducting regime of cuprate superconductors, and found to be consistent with the current
pattern displayed in Fig. 4c, appears to be static on the neutron scattering interaction
time scale (10−11 s). The NMR time scale (temporal resolution) is three to four orders
of magnitude slower, whence it has not been established whether static or fluctuating
fields persist in a possible orbital-current state. In our analysis we therefore considered
an entire range of correlation times, from static fields to fields fluctuating on the time
scale of neutron scattering interactions.
Any additional static field at the site of a nuclear spin directed along the external field
shifts the NMR frequency. Therefore, if orbital currents would appear as the tempera-
ture is lowered, the additional magnetic field shifts the frequency position in proportion.
Due to the nature of the DDW current pattern (neighboring currents flow in opposite
directions), not a shift of the 89Y NMR line, but rather a splitting would be expected,
which may be unresolved and may only appear as a broadening of the line.
In the case of a static CC pattern, the corresponding fields at the Y-sites would be
directed perpendicular to the c-axis and originate from currents in correlated domains
of given extension. Since we investigate an oriented powder sample for which the a- and
b-axis are randomly distributed, a broadening and not a shift or a splitting of the 89Y
NMR line is expected.
Any such additional orbital-current fields at the Y-sites must directed either parallel
or perpendicular to the c-axis. The frequency position of the NMR line is influenced
only by small static fields parallel to the external field. Any additional local magnetic
field perpendicular to the large external field can be neglected because of the difference
in strength by orders of magnitude. Consequently, the anisotropy of the NMR line width
must change if orbital currents appear.
It is believed that the current pattern stabilizes in the pseudogap phase at a temper-
ature well below room temperature but still above Tc. We measured the normal state
temperature dependence of the 89Y NMR line width for two perpendicular field orienta-
tions: The external field either parallel to the c-axis or to the CuO2 planes. Results for
the full 89Y line width at half height are presented in the inset of Fig. 7d. Examples of
NMR lines measured for the two field orientations are shown in Fig. 7, panels (a) and
(b), both showing characteristic asymmetric line shapes. This asymmetry of the lines
originates in the doping inhomogeneity caused by the clustering of oxygen in the chain
structure of the Y123 block of the Y247 structure. This may be qualitatively under-
stood as follows: Since the frequency shift of the NMR intensity strongly depends on
the local charge carrier density, which in turn depends on the local doping, the resulting
NMR intensity reflects a local distribution of oxygen disorder. The local doping, though,
cannot exceed the maximum possible doping determined by the fully oxygenated Y1237
structure, which has filled chains and is inherently slightly overdoped. Substantial un-
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derdoping, however, is possible, from which follows that the doping distribution must be
asymmetric, just as the concomitant charge density becoming evident in the observed
line asymmetry.
In order to minimize the disturbing influence of doping inhomogeneity, we used the
leading-edge line width (LEW) for evaluation of the symmetric orbital-current broaden-
ing effect discussed above. The temperature dependence of the LEW was measured for
both field orientations and plotted in Fig. 7d. At high temperatures, the LEW for Y247
agrees within error bars with Y124 data. While cooling from 310 K to 100 K, the LEW
increased for both field orientations by ∼ 150 Hz compared with the high-temperature
value of ∼ 250 Hz. Taking conservatively this increase as being entirely caused by or-
bital currents, we finally arrive at a maximum estimated field amplitude at the Y-site in
Y247 of [{(400 Hz)2 − (250 Hz)2}/89γ2n]
1
2 ≈ 0.15 mT. This value was deduced, assuming,
again conservatively, that the different effects contributing to the LEW add quadrati-
cally. Note that the temperature dependent line width increases for both field directions.
We also determined the temperature dependence of the magnetic shift of the Y-line for
both field directions. The results are shown in Fig. 7c. The decrease of the magnetic
shift corresponds to the change in the density of states at the Fermi level and clearly
evidences the presence of a pseudogap.
The bi-layer structure of Y247 may cause a reduction of the possible orbital-current
fields at the Y-site, but only if there is an antiferromagnetic interplane interaction be-
tween the fields of the orbital currents of adjacent planes. In order to estimate a reliable
maximum orbital-current field strength from a single CuO2 plane only, we include in our
analysis the possibility of cancellation and assume anti-phase circulation of orbital cur-
rents in neighboring planes. The carrier density in neighboring planes of Y247 differs by
about ∼ 20% [59]. The orbital-current strength is inversely proportional to the doping
level [54, 60] and the field is expected to be proportional to the current strength. Op-
posite circulation of orbital currents in neighboring planes therefore increases our single
layer field limit at the Y-site in Y247 by a factor of ∼ 5 (∼ 0.75 mT). Unless the actual
current pattern is different from any of those proposed, a line-width broadening due to
orbital currents is expected only for one of the field orientations investigated, which was
found not to be the case. This suggests that our static orbital-current field strength limit
is rather overestimated.
Fluctuating magnetic fields at the Y-site in Y247 were investigated in order to es-
timate the maximum fluctuating field amplitude that could be ascribed to orbital cur-
rents. The spin-lattice relaxation is sensitive to dynamic effects, since magnetic fields
fluctuating perpendicular to the quantization axis influence the relaxation mechanism.
The anisotropy of the spin-lattice relaxation rates is defined as R = 89T
‖
1/
89T⊥1 , where
89T
‖
1 (
89T⊥1 ) denotes the relaxation time for B0 parallel (perpendicular) to the c-axis.
Fluctuating orbital currents give rise to magnetic fields that fluctuate either parallel or
perpendicular to the c-axis. Thus R is expected to change for any non-static orbital
current pattern appearing. We measured the temperature dependence of the 89Y spin-
lattice relaxation rate in the normal conducting phase up to room temperature for both
field orientations. Results are shown in Fig. 8. The inset indicates the data quality for a
measurement of the decaying normalized magnetization at 98 K. The relaxation of the
normalized nuclear magnetization shows the expected single-exponential behavior.
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Figure 7: 89Y NMR data from Y2Ba4Cu7O15 measured with B0 = 9 T for field orienta-
tions parallel (‖) and perpendicular (⊥) to the crystalline c-axis. Panels (a) and (b) show
typical NMR lines relative to 18.86753 MHz at 100 K for both field orientations with a
full width at half height (FWHH) of 955(50) kHz and 930(50) kHz respectively. Panel
(c) displays the temperature dependence of the magnetic shift. In (d) the temperature
dependence of the leading edge 89Y NMR line width at half height (LEW) is shown.
The insert shows the temperature dependence of the FWHH (solid lines are guides to
the eye). After Paper I (Sec. 2.1.6).
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Figure 8: Temperature dependence of the 89Y spin-lattice relaxation rate anisotropy
measured in an oriented powder sample of Y2Ba4Cu7O15 for B0 = 9 T. The dashed
black line represents the weighted average R¯ = 1.145(18). The inset shows the single-
exponential decay of the normalized magnetization for both field orientations (B0 ‖
and ⊥ c) at 98 K, including the fits with corresponding values 89T ‖1 = 103.4(2.0) s and
89T⊥1 = 91.0(2.5) s.
The measured relaxation rate can be decomposed according to 1/89T1 = 1/
89T orb1 +
1/89T
′
1, where the first term arises from possible orbital currents and the second contains
all other relaxation mechanisms. The rate anisotropy R was found to be constant within
error, having a weighted average R¯ = 1.145(18), from which we conclude that the max-
imum contribution from orbital currents at the lowest temperature measured does not
exceed 3%. In order to calculate the fluctuating field amplitude ∆Borb due to orbital
currents, we used the expression [51]
1
89T orb1
≈ 89γ2n∆B2orb ·
τc
1 + (ωLτc)2
, (11)
which relates the correlation time τc, associated with any fluctuating orbital currents,
to the spin-lattice relaxation rate. Using the previously deduced maximum additional
contribution of 3% to the spin-lattice relaxation rate due to possible orbital currents and
∆Borb = [(1 + (ωLτc)
2)/(89γn
2 ·T orb1 · τc)]
1
2 (12)
from Eq. (11), we may plot ∆Borb versus τc (see solid line in Fig. 9). In order to
estimate an upper limit for ∆Borb we restrict τc at high and low frequencies. In the fast
fluctuation regime, the lower limit τc > 10
−11 s is given by a recent neutron measurement
on YBCO [33] (see dotted line in Fig. 9). To determine an upper boundary for τc
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Figure 9: Possible orbital-current field amplitude ∆Borb as a function of the orbital-
current correlation time τc from
89Y nuclear spin-lattice relaxation measurements in
Y2Ba4Cu7O15−δ at 100 K (solid line, see text). The lower limit for τc is taken from neu-
tron scattering (dotted) [33] and the upper limit from our 89Y line-width measurements
(dashed line). The shaded area represents ∆Borb allowed by the
89Y line width and nu-
clear spin-lattice relaxation measurements. The horizontal arrow indicates the maximum
static field . 0.15 mT. After Paper I (Sec. 2.1.6).
we use the result of the line-width measurement and apply the formula for motional
narrowing [50]
δω2 = δω2r + (δω
orb
static)
2 · 2
pi
arctan(α · δω · τc), (13)
where δω denotes the narrowed line width, δωorbstatic the line width broadening from static
orbital currents only, δωr the line width at high temperatures for which the fast fluctu-
ating orbital currents are averaged out on the line width, and α is a dimensionless factor
of the order of unity. Reformulating Eq. (13) and substituting δωorbstatic = 2 · 89γn ∆Borb
(the factor of 2 is due to the two possible field directions) yields ∆Borb =
1
2 · 89γn [(δω2 −
δω2r )
pi
2
/arctan(ατcδω)]
1
2 . Taking twice the measured high temperature LEW of 250 Hz
(Fig. 7) for δωr/2pi and twice the LEW of 400 Hz at 100 K for δω/2pi we were able to
plot the corresponding ∆Borb as a function of τc (dashed line in Fig. 9).
From Fig. 9 is obvious that our 89Y NMR measurements defines a limit for the possible
field amplitude at the Y-site in Y247 to ∆Borb . 0.7 mT at 100 K. For putative oppo-
sitely circulating orbital currents in adjacent planes, as discussed above, this single-plane
limit may have to be increased by a factor of ∼ 5.
2.1.5 Conclusions
Our 89Y NMR study of Y2Ba4Cu7O15−δ did not reveal any signature of orbital cur-
rents. Based on our experiments we provide an upper limit for fields at the Y-site.
Static as well as dynamic field effects have been considered in the analysis and possible
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interplane interactions in the bi-layer structure taken into account. We conclude that
any additional static magnetic field at the Y-site in the normal conducting state below
room temperature, would have to be . 0.15 mT. For the fluctuating field amplitude,
an upper limit . 0.7 mT was found. The limits established for fields that we would not
be able to detect impose significant constraints on orbital-current models, since they are
considerably smaller than the theoretical predictions for YBCO, which are in the range
of several tens of mT.
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2.1.6 Paper I: Lack of evidence for orbital-current effects in Y2Ba4Cu7O15−δ
by NMR
This work is published in:
S. Stra¨ssle, J. Roos, M. Mali, T. Ohno, and H. Keller, Lack of evidence for orbital-current
effects in Y2Ba4Cu7O15−δ by NMR, Physical Review Letters 101, 237001 (2008).
Abstract
We have performed NMR measurements at the Y site on a c-axis oriented powder sample
of the cuprate superconductor Y2Ba4Cu7O15−δ to search for the possible orbital-current
phase. The temperature dependence of the Y line width and relaxation behavior in the
normal conducting phase were studied down to 100 K. These measurements give upper
limits for a static magnetic field and the amplitude of a fluctuating magnetic field at
the Y site of . 0.15 mT and . 0.7 mT, respectively. These values provide significant
constraints on possible static or quasi-static orbital currents.
DOI: 10.1103/PhysRevLett.101.237001
PACS numbers: 74.25.Nf, 75.40.Cx, 74.72.Bk, 76.60.Jx
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We have performed NMRmeasurements at the Y site on a c-axis-oriented powder sample of the cuprate
superconductor Y2Ba4Cu7O15 to search for the possible orbital-current phase. The temperature
dependence of the Y linewidth and relaxation behavior in the normal-conducting phase were studied
down to 100 K. These measurements give upper limits for a static magnetic field and the amplitude of a
fluctuating magnetic field at the Y site of & 0:15 and & 0:7 mT, respectively. These values provide
significant constraints on possible static or quasistatic orbital currents.
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More than two decades after the discovery of high-Tc
superconductivity, the understanding of the underlying
mechanism still remains a key issue. Significant progress
in experimental techniques has been made with respect to
the cuprate problem, enabling deep insight into the nature
of the phenomenon. Many theories and ideas to capture the
physics of these oxides have been suggested, but there is
yet no consensus on a theory of high-Tc superconductivity.
Recent efforts [1–5] at explaining the exotic electronic
properties of cuprates, in particular, the origin of the so-
called pseudogap region, involve quantum critical fluctua-
tions of orbital currents (OCs). These currents have been
suggested to flow in the elementary O-Cu-O plaquettes
within the CuO2 planes and break time-reversal symmetry.
Whether the translational invariance is violated depends on
the suggested current pattern. The distinguishing charac-
teristic of the formation of any such pattern is the resulting
magnetic-field distribution.
So far, there is no agreement on the actual current path
nor on its strength. Various experimental attempts to assess
the orbital-current models have been made and provide
evidence for breaking of time-reversal symmetry from
observations of dichroism in angle-resolved photo-
emission spectroscopy (ARPES) measurements on
Bi2Sr2CaCu2O8þ [6]. However, it is possible that the
observed effect is caused by superlattice modulations [7].
Introduction of Pb removes these structural distortions.
Subsequent ARPES measurements on samples without
this superstructure did not reveal any dichroism [8].
Translational symmetry is expected to be broken for the
d-density wave (DDW) phase [1,3], since the correspond-
ing unit cell doubles. In contrast to the DDW phase, a
scenario of circulating currents (CCs) [5] preserves the
translational symmetry. Recently reported neutron data
[9] show qualitative consistency with one of the proposed
patterns of CCs. The observed unusual long-range mag-
netic order in the pseudogap region of YBa2Cu3O6þx is
static on the time scale of neutron scattering experiments,
and the reported moments are of considerable strength
(0:05–0:1B). A very recent zero-field muon-spin rotation
experiment [10] on La2xSrxCuO4 provides a rather low
upper limit for static time-reversal violating local fields of
0.02 mT. However, according to Ref. [11] the magnetic
field at the muon site, expected to be of several mT, is
reduced by more than 2 orders of magnitude due to muon-
related screening and finite-stiffness effects of the order
parameter.
To our knowledge, there are no reports in the literature
on a nuclear magnetic resonance (NMR) study dealing
directly with current patterns confined to the copper pla-
quette in cuprates. NMR is a highly suitable method for
studying magnetic fields using the noninvasive nuclear
moments of the compounds’ own atoms as microscopic
probes. While NMR gives information on static as well as
fluctuating internal fields, its ability to directly test the
orbital-current models depends on the proposed current
path and strength. Static fields arising from the proposed
current phases (DDW and CC) cannot be seen directly in
NMR measurements on nuclei of ions located in the CuO2
plane, since the fields cancel at these sites for symmetry
reasons. In YBCO compounds, the Y ions do not lie at
centers of symmetry for the DDWand the CC phases, when
considering just a single plane. As 89Y is experimentally
accessible through NMR, 89Y NMR experiments should
be sensitive to OC effects. Lee and Sha proposed such
NMR measurements in the cuprate superconductor
Y2Ba4Cu7O15 (Y247) [12]. This specific material exhib-
its a high transition temperature to superconductivity of
Tc ¼ 95 K and shows a clear pseudogap phase above Tc
[13]. It consists of alternating YBa2Cu3O7 (Y123) and
YBa2Cu4O8 (Y124) blocks. Pure Y124 is in the under-
doped regime, featuring a pronounced pseudogap, whereas
pure Y123 is close to optimal doping, showing no pseudo-
gap features above Tc. The main structural difference
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between Y123 and Y124 is that the latter possesses double
chains with no oxygen vacancy, in contrast to single-chain
Y123. As in Y124 and Y123, the CuO2 planes in Y247
form bilayers separated by Y ions. Unlike the parent com-
pounds, the adjacent planes in Y247 are unequally doped
[13]. As was pointed out by Lee and Sha, this doping
difference should to some extent prevent a possible
cancellation of the staggered magnetic fields between bi-
layers [12].
In this Letter, we address the presence of OCs in Y247
by means of 89Y NMR. With this method, and using the
relation 89!L ¼ 89nB (89n is the gyromagnetic ratio of
the 89Y nucleus) connecting the Larmor frequency!L with
the magnetic field B, we are able to monitor the local
magnetic field B at the single Y site accurately. Since
89Y carries no quadrupole moment, the measured NMR
linewidth (LW) and the nuclear spin-lattice relaxation
(NSLR) are of purely magnetic origin. In our experiment,
the observed field B is the sum of a large externally applied
magnetic field B0 and much smaller internal magnetic
fields, part of the latter possibly stemming from OCs.
Since the pseudogap is insensitive to large external mag-
netic fields [14], we conclude that B0 should have a minor,
if any, effect on the orbital currents. Note that if the internal
fields are much smaller than B0, then, in general, the
internal static magnetic fields influence the NMR LW
only when pointing along B0. For the NSLR process of
89Y, only magnetic fields fluctuating in a direction perpen-
dicular to B0 are relevant. We provide upper limits for
static and dynamic field amplitudes created at the Y site
in the normal-conducting phase.
The Y247 sample was prepared using solid-state tech-
niques described elsewhere [15]. A pure Y247 phase with a
phase-impurity level of less than 0.5% by volume was
achieved. The powder was suspended in epoxy and ori-
ented in a 9 T field in order to study anisotropic properties.
This procedure yields samples with a high degree of c-axis
alignment of its grains, whereas the a and b axes of the
crystallites remain randomly distributed.
The NMR experiments were performed using a conven-
tional phase-coherent pulse NMR spectrometer with an
external field of B0 ¼ 9 T. The 89Y NMR spectra were
obtained by complex Fourier transformation of the spin
echoes, which were recorded using a phase-alternating
spin-echo accumulation technique. The NSLR time T1
was measured using a saturation-pulse sequence.
Temperatures in the range from 310 down to 100 K were
controlled with a precision of better than 0.1 K.
Now we describe and discuss our results concerning
static field effects originating from possible OCs. The
formation of a static DDW or CC pattern in a plane,
expected at Tc < T < 310 K, leads to a magnetic-field
arrangement exhibiting additional static fields at the Y
site. Because of the planar confinement of the currents,
these fields are either directed perpendicular to the CuO2
planes or lie parallel to them, depending on the type of
pattern. In the case of CCs, the fields at all of the Y sites in
a domain of correlated currents point in the same direction
parallel to the plane. However, with B0 applied parallel to
the planes (B0 ? c), a symmetric broadening of the Y line,
and not a shift, is expected for the following reasons:
(i) The a- and b-axis directions of the crystallites in the
c-axis-oriented powder are randomly distributed in a plane
perpendicular to the c axis, and (ii) the domains of corre-
lated CCs are of finite size. The DDW scenario, on the
other hand, leads to antiferromagnetically arranged fields
at neighboring Y sites within a particular domain, pointing
perpendicular to the CuO2 planes. Hence, a splitting of the
absorption line should be observed when B0 is applied
perpendicular to the planes (B0 k c). However, this split-
ting may well be unresolved. In this case, an additional
symmetric broadening of the Y line should still appear.
Thus the temperature dependence of the 89Y LW is directly
influenced by the appearance of OCs, but in the discussed
cases only for a particular direction of B0.
The temperature dependence of the 89Y NMR LW and
frequency in the normal-conducting phase of Y247 from
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FIG. 1. 89Y NMR data measured in B0 ¼ 9 T for field orien-
tations parallel ( k ) and perpendicular ( ? ) to the crystalline c
axis in oriented powder of Y2Ba4Cu7O15. Panels (a) and (b)
show typical absorption lines relative to 18.867 53 MHz at 100 K
for both field orientations with a FWHH of 955(50) and 930
(50) kHz, respectively. Panel (c) displays the temperature de-
pendence of the magnetic shift. In (d), the temperature depen-
dence of the leading-edge 89Y NMR linewidth at half height is
shown. The inset shows the temperature dependence of the
FWHH (solid lines are guides to the eye).
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room temperature down to 100 K were measured for both
field orientations. The results are presented in Fig. 1. When
cooling, a substantial drop of the measured 89Y magnetic
shift [Fig. 1(c)] was observed, which clearly demonstrates
the presence of the pseudogap state in the sample.
Figures 1(a) and 1(b) display typical examples of the
measured 89Y absorption lines at 100 K for both field
orientations. In pure Y124, we obtained a Y absorption
line, which has a symmetric shape for all temperatures
from room temperature down to 100 K with a nearly
constant width. This behavior implies that the Y LW of
stoichiometric Y124 is mainly due to dipolar interactions.
In contrast, Y247 exhibits an Y line asymmetry towards
higher frequencies, which we attribute to doping inhomo-
geneity of the Y247 compound introduced by the Y123
blocks. It is known that in this temperature range the non-
stoichiometric Y123 compounds exhibit oxygen clustering
in the CuO chains which affects the homogeneity of the
doping. The magnetic shift is strongly dependent on the
mobile carrier density (doping). Thus, a variation in carrier
density entails a distribution of the Y magnetic shift, lead-
ing to a broadening of the Y line. The magnetic line shift of
Y arises mainly from two contributions: a negative carrier-
related shift and a positive temperature-independent
chemical shift [16]. Oxygen clustering in the single chains
causes a carrier-density variation, which cannot exceed the
density of Y1237 (filled chains, slightly overdoped) but can
have values corresponding to substantial underdoping.
Since the Y magnetic shift is negative, the broadening of
the Y line is asymmetric towards higher frequencies. Upon
cooling from room temperature, the Y magnetic shift
decreases when the pseudogap opens [Fig. 1(c)]; the larger
the magnitude of the pseudogap, the stronger the decrease.
The magnitude of the pseudogap strongly depends on the
doping level. Nearly optimally doped Y123 shows almost
no temperature dependence of the plane copper shift,
whereas underdoped Y124 with its substantial pseudogap
shows a strong decrease of the plane copper shift in the
investigated temperature range (see, e.g., Ref. [13]).
Therefore, inhomogeneous doping should lead to a steady
increase of the full Y LW in Y247, accompanied by a
growing asymmetry of the line shape with decreasing
temperature. This is indeed observed. The full Y LW
(FWHH) [Fig. 1(d), inset] and its skewness increase for
both field orientations when cooling. In addition, we detect
a crossing of the two temperature dependences of the
FWHH at 140 K. This is expected from doping inhomo-
geneity, since for measurements with B0 k c the drop of the
magnetic shift due to the pseudogap is more pronounced
as compared to the one with B0 ? c [Fig. 1(c)]. This
difference causes a stronger line broadening for B0 k c
than B0 ? c, implying that the two curves for B0 k c and
B0 ? c cross each other at 140 K [Fig. 1(d), inset].
In order to minimize the disturbing influence of doping
inhomogeneity, we have focused on the leading-edge LW
at half height (LEW) to detect the symmetric broadening
due to possible OCs. The temperature dependence of the
LEW for both field orientations is plotted in Fig. 1(d). The
high-temperature limit of the LEW for Y247 agrees with
that of Y124, within measurement uncertainties. For both
field orientations at 100 K, an increase in the LEW of
150 Hz is obtained as compared to the 310 K value.
Assuming this increase is caused entirely by static OC
effects, the maximum field amplitude at the Y site in
Y247 is ½fð400 HzÞ2  ð250 HzÞ2g=892nð1=2Þ  0:15 mT.
This number was deduced under the conservative assump-
tion that different effects contributing to the LEW add
quadratically. Note that the LEW increases for both field
orientations.
A bilayer structure possibly causes a cancellation of
fields if there is an antiferromagnetic interplane interaction
between OCs of neighboring planes. Although results from
neutron measurements favor an in-phase OC circulation
[9,17], we assume antiphase circulation because of the
coupling between OCs from adjacent planes, which in-
creases the upper limit of the single plane field. The carrier
density in Y247 for planes from both blocks (Y123 and
Y124) has been deduced, and a difference of 20% was
determined [13]. We take the difference of the orbital-
current strength j to be of the same order of magnitude,
because j is inversely proportional to the doping level
[4,18]. Therefore, in the case of antiphase circulation of
OCs in neighboring planes, we may have to increase our
single layer limit by a factor of 5 and end up with a
maximum field of 0:75 mT at the Y site from OCs in a
single CuO2 plane. Unless the actual current pattern differs
from the proposed ones, a LW broadening due to OCs is
expected only for one orientation, which is not the case.
Therefore, the estimated field amplitude due to OCs is
rather strongly exaggerated.
Next, we describe and discuss the NSLR and LWexperi-
ments in the context of possible nonstatic OCs and provide
an upper limit for the additional field amplitude at the Y
site due to fluctuating OCs. For the NSLR rate 1=T1, the
time-dependent local magnetic fields perpendicular to the
quantization axis, given by B0, are relevant. As stated
before, OCs create fields that fluctuate either parallel or
perpendicular to the CuO2 planes. Consequently, the ap-
pearance of fluctuating OCs on varying the temperature
should change the rate anisotropy R ¼ 89Tk1=89T?1 . 89Tk1
(89T?1 ) denotes the relaxation time for B0 parallel (perpen-
dicular) to the c axis. The NSLR rate in the normal-
conducting phase has been determined up to 300 K for
both field orientations. The 89Y magnetization relaxation
shows the expected single-exponential relaxation behavior.
At 100 K, we found 89Tk1 ¼ 103:4ð2:0Þ s and 89T?1 ¼
91:0ð2:5Þ s. The measured NSLR rate can be written as a
sum 1=89T1 ¼ 1=89T01 þ 1=89Torb1 , where the first term in
the sum is the rate due to mechanisms not related to OCs
and the second term is due to possible OCs. Within error,
the measured R is constant from 100 to 300 K with a
weighted average of R ¼ 1:145ð18Þ. Taking twice the error
of R as the upper limit of the change due to possible OCs at
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100 K, the maximum effect at the lowest temperature
measured does not exceed 3%. Considering this possible
change as being caused purely by fluctuating OCs, we
deduce an upper limit for the corresponding fluctuating
field amplitude. The relation between 89Torb1 , the fluctuat-
ing OC field amplitude Borb, and the associated correla-
tion time for the fluctuating orbital-current pattern c is
given by [19]
1
89Torb1
 892nB2orb
c
1þ ð!LcÞ2
: (1)
Taking an additional contribution of 3% for the NSLR rate
due to possible OCs (see above) and Borb ¼ f½1þ
ð!LcÞ2=ð892nTorb1 cÞgð1=2Þ from Eq. (1), we plot Borb
versus c (see solid line in Fig. 2). To get an upper limit for
Borb, we restrict c at high and low frequency. In the fast
fluctuation regime, the lower limit c > 10
11 s is given by
a recent neutron measurement on YBCO [9] (see dotted
line in Fig. 2) [20]. To determine an upper boundary for c,
we use the result of the LW measurement and apply the
formula for LW motional narrowing [21]
!2 ¼ !2r þ ð!orbstaticÞ2
2

arctanð!cÞ; (2)
where ! denotes the motionally narrowed LW, !orbstatic
represents the LW broadened by static orbital-current ef-
fects only, !r is the LW at high temperatures, where the
fast fluctuating orbital-current effects on the LW are aver-
aged out, and  is a dimensionless factor of the order of
unity. Reformulating Eq. (2) and using !orbstatic ¼
2 89nBorb (the factor of 2 is due to the two possible
field directions) yields Borb ¼ 12 89n ½ð!2  !2rÞ 2 =
arctanðc!Þð1=2Þ. Taking twice the measured high-
temperature LEW of 250 Hz [Fig. 1(d)] as !r=2 and
twice the LEWof 400 Hz at 100 K as !=2, we are able
to plot the corresponding Borb as a function of c (dashed
line in Fig. 2). From Fig. 2, it is obvious that 89Y NMR
experiments set an upper limit for the OC field amplitude at
the Y site in Y247 ofBorb & 0:7 mT at 100 K. In the case
that this field is the result of putative antiphase circulating
OCs in the neighboring planes, then, as discussed before,
the limit for the field coming from one plane only would
have to be increased by a factor of 5.
In summary, from our 89Y NMR measurements in
Y2Ba4Cu7O15 we conclude that any additional static
magnetic field at the Y site, showing up in the normal-
conducting state below room temperature, is smaller than
0:15 mT. For the fluctuating field amplitude, we find an
upper limit &0:7 mT. These values are considerably
smaller than theoretical predictions for YBCO, which are
in the range of several tens of mT; see, e.g., [11].
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2.2.1 Motivation
The recent report of a checkerboard-like electronic lattice, first discovered by means of
scanning tunneling microscopy in vortex cores of optimally doped Bi2Sr2CaCu2O8+δ [62],
may stand for the present vivid discussion about electronic charge effects and cuprate
superconductivity, see e.g. [61]. Likewise a recent tunneling study of La- and Pb-doped
single-crystalline (BiPb)2(SrLa)2CuO6+δ also revealed checkerboard-like features [37].
The observed charge modulation was found to be doping dependent and explained as
originating from a static, energy independent charge density wave in the anti-nodal re-
gion. Due to the appearance of the charge density wave and the pseudogap at close
temperatures, it has been suggested that the respective gaps actually may be one and
the same. Since the experimental basis does not yet suffice to remove the ambiguity,
further experiments sensitive to charge effects are highly desirable.
Features related to electronic charge may be investigated with nuclear resonance meth-
ods if nuclei with quadrupole moments are present. Since charge carriers in the cuprates
are confined mainly to the CuO2 planes, it is tempting to utilize the copper and oxy-
gen nuclei. Below room temperature, however, these nuclei relax predominately through
magnetic interaction with Cu atomic spins, which fluctuate strongly when the antiferro-
magnetic parent compound is doped with holes, see e.g. [63]. The doping thus reduces
the long-range antiferromagnetic coherence such that only short-range correlations sur-
vive.
An alternative approach to assess the nature of charge effects in cuprates is to investi-
gate bi-layer YBCO compounds. The Y-site is suitable for investigating charge features,
since whatever remains of antiferromagnetism cancels for symmetry reasons. The re-
maining purely magnetic spin-lattice relaxation of the Y-nuclei is solely due to mobile
carriers and consequently very weak. The Y-atom is located between two neighboring
planes, but does not have the quadrupole moment required and therefore must be sub-
stituted for a suitable rare earth atom. It is noteworthy that replacing the Y-atom with
another rare earth element does not alter the transition temperature, except for Pr and
Ce. First we investigated LuBa2Cu3O7−δ single crystals, but despite an extensive effort
we failed to detect a 175Lu NMR or NQR signal. Most probably the nuclear magnetiza-
tion of Lu relaxes too fast for our spectrometer due to the huge quadrupole moment of
Lu. Next, the efforts were directed toward high-quality LaBa2Cu3O7−δ powder samples.
139La has a nuclear spin I = 7
2
and a quadrupole moment roughly an order of magnitude
smaller than that of 175Lu. We readily detected both the 139La NMR and the 139La
NQR signals. With the 139La as NMR probe, the temperature dependence of impor-
tant NMR/NQR parameters, such as the nuclear spin-lattice and the nuclear spin-spin
relaxation times, were investigated.
2.2.2 Experimental details
The LaBa2Cu3O7−δ powder was prepared at the Paul Scherrer Institut by K. Conder
and E. Pomjakushina with a solid-state reaction using La2O3, BaCO3, and CuO of a
minimum purity of 99.99%. The reagents were mixed and calcinated in air at temper-
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atures between 800 − 920o C during at least 80 h, with several intermediate grindings.
Subsequent sample treatment was the same as described in Ref. [64] (Series 3). Optimal
doping of the sample, i.e. a transition temperature of Tc ≈ 91 K, was achieved after the
final annealing procedure according to Ref. [65]. A subsequent X-ray diffraction analysis
yielded an impurity content of < 2%.
A fraction of the powder was oriented in epoxy resin, according to the same procedure
as described in Sec. 2.1.3.
The 139La NMR experiments were carried out in a 9 T magnet. For conceptual and
technical details of NMR/NQR see Sec. 2.1.1. Temperatures were controlled using a
flow cryostat. A conventional phase-coherent pulse spectrometer was employed. The
spin-lattice relaxation time was measured applying an inversion-recovery pulse sequence
and a phase-alternating spin-echo accumulation technique. The spin-spin relaxation was
determined in the usual manner from the decay of the spin-echo intensity.
2.2.3 Results and discussion
From the NQR spectrum obtained at 100 K (Fig. 10) we determined the quadrupole
frequency νQ of the La nucleus in
139LaBa2Cu3O7−δ to be 139νQ = 4.295 MHz. A further
important parameter, the asymmetry parameter η = (Vxx − Vyy)/Vzz, was found to be
η = 0.23 for the La-site.
Using these results, we successfully simulated the recorded 139La NMR spectrum of
an oriented powder sample in a 9 T field applied parallel and perpendicular to the crys-
talline c-axis. Figure 11a shows a typical NMR spectrum. From the frequency position
of the central line, the magnetic shift was determined to be K = 300(30) ppm at 100 K.
Within experimental error no anisotropy was found.
The mechanisms responsible for the La nuclear spin relaxation were subsequently
studied. First we focused on the normal-conducting phase up to 350 K. The decay
of the spin-echo intensity was measured, from which the relevant spin-spin relaxation
time constant T2 was extracted (Sec. 2.1.1). The temperature dependence of the spin-
spin relaxation rate T−12 for both field orientations showed distinct steps and plateaus
(Fig. 11b). The origin of this unexpected behavior could not conclusively be brought in
connection with charge inhomogeneities related to superconductivity or the pseudogap.
Extensive investigations revealed that these features cannot be exactly reproduced, but
strongly depend on the thermal history of the sample. Slow dynamics, such as oxygen
diffusion and clustering in the CuO chains, are assumed to be the source of the unex-
pected temperature behavior.
As a measure of the spin-lattice relaxation we choose the time T1e needed by the
nuclear magnetization to recover after saturation to its 1/e value. Further investigations
are necessary, though, to elaborate on the character of the relaxation mechanism, which
would allow us to apply the appropriate decay function to determine T1. T1e, however,
still reflects the correct temperature dependence of the relaxation, which allows us to
draw qualitative conclusions about the relaxation mechanism. The experimental results
are shown in Fig. 12c. Our 139La spin-lattice relaxation measurements revealed a ther-
mally activated relaxation process above ∼ 300 K, which we relate to the diffusion of
oxygen ions in the chain structure. The activation energy of the oxygen diffusion was
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Figure 10: 139La NQR spectrum measured at 100 K in a loose powder sample of
LaBa2Cu3O7−δ (red dots). The blue lines show the asymmetry parameter η for
139νQ = 4.295 MHz, calculated by exact diagonalization of the Hamiltonian in Eq. (1).
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Figure 11: Normal state 139La NMR parameters measured in an applied magnetic field
of 9.01 T with a c-axis oriented powder sample of LaBa2Cu3O7−δ (Tc ≈ 91 K). Panel
(a) shows the NMR spectrum recorded at 100 K for 9 T ‖ c. Since 139La has a nuclear
spin I = 7
2
the spectrum consists of a central line (1
2
↔ 1
2
) and 6 satellite lines. The two
satellite lines lowest in frequency were not measured. (b) the temperature dependence of
the spin-spin relaxation rate measured at the central-line transition is depicted for both
field orientations. (c) the temperature dependence of the spin-lattice relaxation rate per
temperature unit, measured for the central-line transition for both field orientations. (d)
the temperature dependence of the spin-lattice relaxation rate anisotropy ratio.
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powder sample of LaBa2Cu3O7−δ (La123) for a 9 T field applied parallel to the c-axis.
The red triangles (right axis) illustrate, for comparison, the temperature dependence
of the 89Y spin-lattice relaxation rate measured in YBa2Cu4O8 (Y124) [66]. A distinct
rate maximum due to interactions with vortices is present in the 89Y data, which was
not found in the 139La relaxation of La123. The respective transition temperatures are
indicated by vertical arrows. Lines are guides to the eye.
found to correspond to ∼ 2000 K. The spin-lattice relaxation rate for temperatures where
diffusion dominates is nearly isotropic, whereas the anisotropy ratio attains a value of
1.45 in the temperature range of 200−280 K but decreases again below 200 K (Fig. 11d).
In the superconducting state, the 139La NMR spin-lattice relaxation measurements
show an unexpected temperature behavior (Fig. 12). In the similar compound YBa2Cu4O8,
the 89Y nuclei relax so weakly, that the interaction with vortices manifests itself as a
distinct maximum in the temperature dependence of the spin-lattice relaxation rate well
below Tc ≈ 81 K [66] (red triangles in Fig. 12). As expected for nuclei having spin
139I = 7
2
, the 139La relaxation rate is much higher than for 89I = 1
2
. No rate maximum
due to vortices was found. In contrast to the case for Y, the decrease of the relaxation
rate with temperature below Tc is less pronounced for La, as can be seen in Fig. 12.
This clearly indicates that charge effects influence the relaxation process of the nuclear
magnetization of La in LaBa2Cu3O7−δ. Again, additional measurements are necessary
in order to quantify these findings, in particular NQR relaxation studies may provide
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valuable information about the nature of the fluctuations involved.
2.2.4 Conclusions
We determined the 139La magnetic shift tensor, the quadrupole frequency, and the
asymmetry parameter in LaBa2Cu3O7−δ. The present status of our 139La NMR/NQR
investigation does, however, not allow a conclusive statement about the role of charge
inhomogeneity effects in the cuprates. The findings strongly depend on effects that are
expected to be of minor relevance for superconductivity. In particular the unexpected and
apparently complex behavior of the nuclear relaxation of the 139La spin-spin relaxation
needs to be better understood. From the temperature dependence of the 139La spin-
lattice relaxation, however, we have evidence that charge effects are indeed involved in
the nuclear spin dynamics.
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Abstract
In cuprates charge inhomogeneities seem to exist as self-organized objects, which are possibly related to the appearance of the pseudo-
gap. Since high-quality powder samples of LaBa2Cu3O7!d (Tc = 91 K) have recently been synthesized, we were able to perform
139La
NMR/NQR investigations of LaBa2Cu3O7!d. Our study includes measurements of
139La spin–spin and spin–lattice relaxation in a field
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1. Introduction
Over the past years in numerous papers evidence for
mesoscopic dynamic and static electronic charge inhomo-
geneities in cuprates has been reported. These electronic
inhomogeneities seem to show up in the form of self-orga-
nized objects possibly related to the appearance of the
pseudo-gap. In NMR/NQR experiments static electronic
inhomogeneities have been mainly detected in the underd-
oped LSCO systems (see, e.g. Refs. [1,2]), but not in YBCO
compounds [3]. In the fully stoichiometric member of the
YBCO family, YBa2Cu4O8, dynamic charge inhomogenei-
ties have been related to the observed quadrupolar contri-
bution to the planar oxygen spin–lattice relaxation [4].
To better distinguish the effect of the charge inhomoge-
neities in the YBCO family we decided to study them at the
Y site. Due to the Y site symmetry the strong magnetic-
field fluctuations originating from the antiferromagneti-
cally correlated Cu spins in adjacent CuO2 planes cancel
out in contrast to the charge effects. Therefore, NQR and
NMR investigations of a nucleus at this site can much eas-
ier detect through electric quadrupole interaction with the
onsite electric-field gradient the full charge effects. How-
ever, Y with a nuclear spin I = 1/2 is not suitable for such
a study, because it carries no electric quadrupole moment
and consequently shows no quadrupole interaction. There-
fore, compounds where Y is replaced by nuclei (I > 1/2)
with an electric quadrupole moment are needed.
Since high-quality powder samples of LaBa2Cu3O7!d
have recently been synthesized successfully by Conder
and Pomjakushina, we are able to perform 139La (I = 7/
2) NMR/NQR studies in LaBa2Cu3O7!d. We report on
preliminary results.
2. Sample preparation
The sample of LaBa2Cu3O7!d was synthesised by a
solid-state reaction using La2O3, BaCO3, and CuO of a
minimum purity of 99.99%. The respective amounts of
starting reagents were mixed and calcinated at tempera-
tures 800–920 "C during at least 80 h in air, with several
0921-4534/$ - see front matter ! 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.physc.2007.03.182
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intermediate grindings. The sample was then treated fol-
lowing the procedure as described in Ref. [5] (Series 3).
With final annealing according to Ref. [6] optimal doping
of the sample was achieved. Conventional X-ray diffraction
analysis yields an impurity content of <2% and unit cell
parameters (space groups Pmmm): a = 3.8939(2) A˚, b =
3.9429(4) A˚, c = 11.7939(7) A˚.
3. Preliminary results and discussion
By means of NQR we have determined the quadrupole
frequency of the 139La nucleus in LaBa2Cu3O7!d at
100 K to be mQ = 4.295 MHz. The asymmetry parameter
at the La site was found to be g = 0.23. With these values
we were able to simulate the 139La NMR spectrum
obtained from c-axis oriented powder samples at 100 K,
yielding a magnetic shift with respect to a LaCl3 reference
solution [mL(B = 9 T) = 54.388950 MHz] of K = 300(30)
ppm. The shift is isotropic within experimental error.
At the central-line transition of the NMR spectrum we
measured the nuclear spin–lattice relaxation (NSLR) rate
of 139La in LaBa2Cu3O7!d. The nuclear magnetization
showed no single exponential recovery behavior. As a mea-
sure of the spin–lattice relaxation we choose the time T1e
necessary for the nuclear magnetization to recover after
saturation onto its 1/e equilibrium value. In an external
field of 9 T the rate (T1e)
!1 was determined in a tempera-
ture range from 350 K down to 100 K for both field orien-
tations, B parallel (Bkc) and perpendicular to the c-axis
(B?c). 139La shows a stronger relaxation behavior than
expected from appropriate scaling of Y relaxation data
(see, e.g. Ref. [7]) taking into account the different nuclear
spins I and gyromagnetic ratios. Provided that there is no
dramatic change of the magnetic-field fluctuation spec-
trum, this indicates, that for 139La exists a quadrupolar
relaxation channel not present for the Y nucleus. This addi-
tional relaxation is possibly related to charge dynamics in
the planes or the chains of LaBa2Cu3O7!d. To be sure that
the relevant magnetic fluctuation at the Y site in
YBa2Cu3O7!d are not changed essentially by the exchange
of Y with La, the NSLR of the plane copper and the oxy-
gen in LaBa2Cu3O7!d should be checked. Above 270 K
(139T1e)
!1 seems to be thermally activated with an activa-
tion energy of "2000 K. Within experimental error, no
anisotropy of the rate is found above 300 K, whereas below
270 K the ratio 139ðT k1e=T?1eÞ yields 1.45. At temperatures
below 200 K, this anisotropy seems to be reduced, below
150 K a value of 1.30 was obtained.
In addition, we have measured the temperature depen-
dence of the nuclear spin–spin relaxation (NSSR) rate
(T2)
!1 at the central-line transition for both field directions,
see inset Fig. 1. It shows a clear anisotropy in the whole
temperature range. From 100 K up to 180 K this anisot-
ropy has a constant decrease with increasing temperature.
Whereas, from 180 K up to room temperature, the anisot-
ropy ratio ðT k2=T?2 Þ strongly increases. The NSSR rates
ðT k2Þ!1 and ðT?2 Þ!1 are nearly temperature independent
between 100 K and 150 K. In the temperature range from
150 K up to 200 K the rates increase with increasing tem-
perature. At 200 K we found a doubling of the rates with
respect to 150 K. Above 200 K ðT k2Þ!1 remains constant
up to nearly room temperature, whereas ðT?2 Þ!1 further
increases. At 290 K ðT?2 Þ!1ðT Þ exhibits a distinct step to
higher rates.
To clarify the complex behavior of the NSLR and the
NSSR further investigations are necessary.
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2.3 The pseudogap and superconductivity
2.3.1 Concept of muon-spin rotation
Muon-spin rotation, µSR2, is a well established method in condensed matter physics
and ranks among the most powerful techniques for investigation of local magnetic fields
in the bulk, e.g. the magnetic field distribution associated with the vortex state in a
superconductor. A muon is a lepton with a rest mass 207 times that of the electron
and a charge of the same magnitude, with either positive of negative sign. The spin of
a muon is I = 1
2
and the magnetic moment about three times larger than that of the
proton. In condensed matter research µSR is most often using muons having charge +e.
The accelerator-based µSR research requires an intense primary beam of protons that
is focused on a target of carbon or beryllium to produce pions. The pions stop just below
the surface of the target and subsequently decay at rest, producing so-called surface
muons with an approximate energy of ∼ 4 MeV and a magnetic moment antiparallel to
the momentum. At the Paul Scherrer Institut (PSI), Villigen (Switzerland) the muon
beam is produced with a high degree of spin polarization, since the muons to almost
100% come from pions decaying at rest.
The polarization of the spin of the muons can be rotated with a spin rotator. The
muons are then guided to the sample, which is mounted in a cryostat in an external
magnetic field. The muon thermalizes in the sample within typically 1 ns. Muons with
positive charge stop at interstitial positions away from positively charged ions. The
implantation depth depends on the momentum of the particle.
Depending on the accelerator employed, two different modes of muon spectrometry
are available, known as the pulsed and the continuous beam method. In the pulsed
technique, bunches of muons are simultaneously implanted in the sample, whereas in a
continuous beam setup single muons are evaluated as separate events. Below we briefly
describe the working principle of the continuous beam spectrometer operated at PSI
(Fig. 13).
2Actually, R of the acronym can also stand for ’relaxation’ or ’resonance’.
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Figure 13: Principles of muon-spin rotation measurements. (a) overview of the exper-
imental setup. Here the muon spin Sµ is antiparallel to the momentum Pµ. The first
positron detector constitutes a starting trigger, and produces, if necessary, a veto signal
(see text). The backward and forward positron detectors are labeled B and F, respec-
tively. (b) schematic diagram of the positron counts from the backward (NB) and forward
detector (NF) as a function of time. (c) shows the asymmetry of this signal calculated
according to ABF = (NF − NB)/(NF + NB). Fourier transformation of the asymmetry
signal yields the probability distribution of the internal magnetic field.
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Spin-polarized muons are implanted one at a time. Often, a depolarizing degrader has
to be used in standard µSR experiments to ensure maximum signal intensity from the
sample. Before reaching the sample, the incident muon passes a positron detector that
starts the instrument clock. Depending on the actual depolarization rate, an adequate
time window has to be chosen. For measurements with cuprates in the mixed state (in
low applied fields B), this window has a typical duration of 5 to 10µs. If a second
muon enters before the positron from the previous event is detected, the second event is
rejected. To prevent too many vetoes, the muon rate must be optimized3.
In the presence of a magnetic field, the moment of the implanted muon precesses with
the Larmor frequency around the direction of the local magnetic field. The muon decays
after a mean life time of τµ ≈ 2.2µs, emitting a fast positron preferentially along its mo-
mentum direction, and two neutrinos. Before and behind the sample positron detectors
are installed. As soon as one of the two detectors records an event, the clock is stopped
and the time stored in a histogram memory for each detector separately. To accumulate
the necessary statistics, many millions of positron events have to be recorded. Even-
tually, the histogram memory of each detector contains the number of events for the
corresponding time channel, NF(t) for the forward detector and NB(t) for the backward
detector.
Because the positron is preferentially emitted along the spin direction, the accumu-
lated time signal oscillates with the Larmor frequency. In order to remove the exponen-
tial decay due to the finite life time of the muon, the so-called asymmetry signal A(t) is
calculated
A(t) =
NF(t)−NB(t)
NF(t) +NB(t)
. (14)
The asymmetry signal depends on the distribution of the local fields.
µSR is routinely applied to the study of the internal field distribution associated with
the vortex phase of type-II superconductors. An overview of schemes for treating µSR
data and their limitations can be found in [67].
A superconductor is classified as type II, when κ = λ/ξ > 1/
√
2. Here κ denotes the
so-called Ginzburg-Landau parameter, ξ the coherence length, and λ the magnetic pen-
etration depth. The two characteristic lengths for superconductors will now be briefly
introduced.
For a plane vacuum-to-superconductor interface with a magnetic field B applied par-
allel to the sample surface the magnetic penetration depth λ is defined as [68]
λ =
1
B
∞∫
0
B(x)dx, (15)
where B decreases with distance x from the surface into the bulk of the superconductor
as the function B(x), describing the exponentially decaying field due to screening effects
in the bulk of a superconductor, possibly the most famous result of the London theory
of superconductivity [69].
3For the general purpose spectrometer (GPS) @ PSI the optimum value is around 30’000 muons/ s
for a 10µs time window.
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The London theory also relates the penetration depth λ to the superfluid density ns
as
1
λ2
= µ0 e
2 ns
m∗
. (16)
Here µ0, e, and m
∗ denote the permeability of vacuum, the elementary electric charge,
and the effective mass of the charge carrier respectively.
The coherence length ξ in the Ginzburg-Landau model [68, 70] is a measure of the
distance from the surface over which the local density of superconducting charge carriers
approaches its bulk value. The BCS theory [3] also yields a coherence length, defined as
ξBCS =
~ vF
kBTc
. (17)
The BCS coherence length ξBCS is a measure of the mean distance over which the electron-
electron attraction is relevant, or in other words, it reflects the extension of a Cooper
pair. It has been shown that in the limit where the coherence length is small compared
to the mean free path and at low temperatures the coherence lengths in the Ginzburg-
Landau theory and the BCS theory coincide [71]. The spatial variation of the internal
magnetic field Bz(x) and the superfluid density ns(x) in the x-direction from the surface
of a superconductor is shown in Fig. 14.
For a type-II superconductor it is energetically unfavorable to completely expel the
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Bz(x)
NC SC
ns(x)
z
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0
l
x
Figure 14: Sketch of the spatial variation of the superfluid density ns and the magnetic
field Bz near a normal conducting (NC) to superconducting (SC) interface at x = 0. The
coherence length ξ and the magnetic penetration depth λ are the characteristic lengths
for superconductivity.
magnetic field B from the bulk for Bc2 > B > Bc1 (Bc1 and Bc2 denote the lower and
2.3 The pseudogap and superconductivity 43
the upper critical field, respectively). In effect, the magnetic field penetrates the su-
perconductor, not uniformly but in the form of vortices, each containing an elementary
flux quantum Φ0 = h/2e = 2.0678 × 10−15 Tm2 [72]. In a simplified physical picture
this so-called mixed state may be described as follows: In general, for type-II supercon-
ductors ξ is much shorter than λ, meaning that from the surface of the superconductor
the order parameter increases much faster (on the order of length ξ) than the magnetic
field decreases (length λ). In the interface region the gain in pair condensation energy
thus overcomes the screening energy, i.e. the surface energy is negative for type-II su-
perconductors. The vortex formation is a consequence of the principle that the energy is
minimized while the interface surface is maximized. The first vortex is created when the
lower critical field is reached. As the field further increases more vortices penetrate the
bulk until finally superconductivity breaks down at what is known as the upper critical
field.
Vortices may be pinned, i.e. physically locked, to local imperfections of the crystal
lattice. When the pinning forces involved are not too strong, the flux lines arrange in a
triangular flux-line lattice, which in effect is a regular perforation of the superconductor
with normal conducting regions that entails an internal magnetic field distribution. The
actual functional form of the magnetic field distribution is characterized by λ and ξ,
which is the essence of the µSR technique. These parameters may, under certain con-
straints, be extracted from the measured asymmetry signal, which contains information
about the internal magnetic field distribution.
A distribution can be characterized by its moments. The nth moment of a distribu-
tion P (x) with respect to x0 is defined as Mn =
∫ +∞
−∞ (x−x0)nP (x)dx. A well-established
procedure for extracting the magnetic penetration depth for type-II superconductors in
the mixed state from measured µSR time signal is the so called second moment method.
In order to implement this, the time domain signal is modeled with a set of Gaussian
functions.
Let N Gaussian components describe the µSR time signal P (t) due to muons stopped
in the superconductor in the mixed state. A single component accounts for the back-
ground signal from muons being stopped anywhere but in the sample:
P (t) =
N∑
i=1
Ai exp(−σ2i t2/2) cos(γµBi t+ φ)
+Abg exp(−σ2bg t2/2) cos(γµBbg t+ φ). (18)
Ai, σi, and Bi denote respectively the asymmetry, the depolarization rate, and the mean
field of the ith Gaussian component. The index bg refers to the background values. The
gyromagnetic ratio of the muon is γµ = 2pi × 135.5342 MHz/T and φ is the initial phase
of the muon-spin ensemble.
From the time domain representation P (t), the total local field distribution P (B)
is obtained after Fourier transforming the signal from the sample and normalizing the
integral of the probability distribution to unity:
P (B) =
γµ√
2pi
N∑
i=1
Ai
σi
∑N
j=1 Aj
exp
(
−γ
2
µ(B −Bi)2
2σ2i
)
. (19)
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We may now compute the first, the second, and if needed, also the third moment. The
first moment represents the average field, the second moment contains information about
the magnetic penetration depth λ, and the third moment may be used to determine the
skewness of the distribution. The skewness yields information about the vortex lattice
structure, and in particular, any change of the skewness parameter indicates structural
modifications of the vortex lattice.
Calculating the first and the second moment of P (B) results in respectively:
〈B〉 =
N∑
i=1
AiBi∑N
j=1 Aj
, (20)
and
〈∆B2〉 =
N∑
i=1
Ai∑N
j=1 Aj
[
(σi/γµ)
2 + [Bi − 〈B〉]2
]
. (21)
Nuclei with magnetic moments contribute σnm to the depolarization process of the muons.
In order to extract from the total measured P (B) the contribution σsc due to the vortex
lattice alone, the additional broadening σnm is determined in the normal conducting state
of the sample and subtracted according to
σsc =
√
γ2µ〈∆B2〉 − σ2nm. (22)
From the expression for the depolarization rate due to the vortex lattice we then obtain
the magnetic field penetration depth λ from [73]
σsc[µs
−1] = 4.83× 104(1− 〈B〉/Bc2)[1 + 3.9(1− 〈B〉/Bc2)2] 12λ−2[nm], (23)
where Bc2 is the upper critical field of the type-II superconductor. Eq. (23) is derived
assuming an ideal hexagonal vortex lattice. A triangular vortex lattice is expected for
YBCO at low fields, as was directly observed in small angle neutron scattering experi-
ments on single crystals, see e.g. [74].
2.3.2 Motivation
The pseudogap is an important issue for the physics of high-temperature supercon-
ductivity. The generic phase diagram of cuprate superconductors (Fig. 1) is dominated
by an antiferromagnetic, a pseudogap, and a superconducting phase, characterized by
the transition temperatures TN, T
∗, and Tc. No consensus has been reached about the
relation between the pseudogap and the superconducting state but two scenarios have
been suggested. In the precursor scenario is assumed that Cooper pairs are preformed
already below T ∗ but lack the long-range phase coherence that is established only be-
low Tc. It is further assumed that all electronic states at the Fermi surface (excluding
states at the nodes but including those affected by the pseudogap) begin to form the su-
perconducting condensate at Tc. The other scenario proposes that the superconducting
condensate is only due to the states that are not influenced by the opening of the pseu-
dogap. The latter scenario thus presumes coexistence, i.e. that the the superconducting
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and the pseudogap states are separate phenomena.
The magnetic penetration depth λ(T ) may be determined in µSR experiments. In the
London model (λ  ξ) λ is related to the superfluid density ρs as λ−2 ∝ ρs ∝ ns/m∗,
where m∗ and ns denote the superconducting charge carrier mass and the supercon-
ducting charge carrier number density respectively. The temperature dependence of the
penetration depth λ is determined by the amplitude of the superconducting energy gap
and its temperature and angular dependence4. µSR data do not allow direct extraction
of the amplitude and the exact angular dependence of the superconducting gap. By
assuming d-wave superconductivity, and making an assumption about the temperature
dependence of the gap, the λ(T ) can be reconstructed from a fitting procedure, which
allows the gap amplitude to be obtained. For YBCO and LSCO, µSR results suggest an
admixture of an s-wave component with the d-wave dominated in-plane superfluid den-
sity (Sec. 3.2). µSR experiments with (BiPb)2(SrLa)2CuO6+δ (OP Bi2201, OP stands
for optimally doped) did, however, not yield any clear evidence for multi-component
superconductivity, which may well be related to the more two-dimensional nature of OP
Bi2201. The OP Bi2201 µSR data was thus analyzed using a one-component supercon-
ducting d-wave order parameter.
The µSR data was also evaluated by taking the amplitude and angular dependence
of the energy gap from a recent ARPES study of (BiPb)2(SrLa)2CuO6+δ, from which we
calculated the expected temperature dependence of λ.
2.3.3 Experimental details
The µSR experiments were performed on single-crystalline (BiPb)2(SrLa)2CuO6+δ
with optimum doping (Tc = 35 K, transition width ∼ 3 K). The sample growth technique
is described elsewhere in detail [75]. The pseudogap in OP Bi2201 is roughly three times
larger than the superconducting gap. A recent ARPES study on OP Bi2201 provides
detailed information about the amplitude and the angular dependence of the energy
gap [14]. Comparing these with our µSR data, we elaborate on whatever bearing the
pseudogap my have on superconductivity.
The introduction of Pb atoms flattens the insulating BiO layer, which is important for
ARPES studies [14]. The Pb substitution does not change Tc, but causes a decrease of the
anisotropy by a factor ∼ 10 to a value of 20, as torque measurements showed, meaning
that the Pb substitution enhances the three-dimensional character of the compound.
The transverse-field µSR experiments were carried out using the general purpose
spectrometer (GPS) at PSI. The sample was studied for temperatures down to 1.6 K
and fields ranging from 5 to 640 mT, the maximum field that can be applied with the
magnet at the GPS. The field was applied parallel to the c-axis of the crystals, thus
probing the decay of the magnetic field in the ab-plane (λab). The typical counting
statistics were 15 to 18 million events per data point.
The µSR data were analyzed using the second-moment method with two Gaussian
components, as described in Sec. 2.3.1.
4The superconducting energy gap is later discussed in detail (Sec. 3).
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2.3.4 Results and discussion
The measured field dependence of the second moment of the local field distribution
P (B) is shown in Fig. 15. The solid black line was calculated using the model of Brandt
[76], assuming an isotropic s-wave superconductor with λ = 360 nm and ξ ' 2.6 nm.
The coherence length ξ was estimated from the upper critical field µ0Hc2(0) ' 50 T [77].
For d-wave superconductivity, a field dependent correction of the superfluid density ρs
due to the nonlinear response to an applied field has to be considered according to [78]
ρs(H)
ρs(H = 0)
=
σsc(H)
σsc(H = 0)
= 1−K
√
H. (24)
Here the parameter K is a measure of the strength of the nonlinear response. Eq. (24)
is valid only for H  Hc1, and thus only fields exceeding 40 mT were considered in the
analysis. The result is shown as the red line in Fig. 15. It is evident that the observed
σsc(µ0H) is consistent with a leading d-wave gap.
The skewness parameter αs reflects the symmetry of the underlying vortex structure
and is a sensitive measure of changes in the vortex lattice depending on the magnetic field
or on the temperature [79]. From the calculated moments of the P (B) distribution the
skewness parameter can be derived according to αs = 〈∆B3〉 13 〈∆B2〉− 12 , where 〈∆Bn〉
is the nth moment of P (B). Compared with the expected value of 1.2 for a triangular
vortex lattice with κ  1, αs(1.6 K) = 0.84(2), i.e. rather much less than expected.
Moreover, αs was found to be field independent within measurement uncertainty. The
observed temperature independence of αs in the superconducting state indicates that for
the investigated field range the symmetry of the vortex lattice does not change. The
smaller than expected value of αs could be caused by microscopic field gradients due to
the interaction of flux expulsion with pinning, by geometric factors due to the multi-
crystal sample, or by spatial variation of λ [80].
The temperature dependence of the second moment of P (B) for a field of 40 mT
applied along the c-axis was also studied. The result is shown in Fig. 16. Below 20 K
σsc(T ) is linear, consistent with the presence of nodes in the superconducting energy
gap of OP Bi2201. In order to assess possible changes in the symmetry of the vortex
lattice with temperature, the temperature dependence of the skewness parameter αs was
determined. It was found to be temperature independent for T . 30 K, from which was
inferred that in this temperature range the depolarization rate σsc(T ) reflects mainly
λab(T ). The sudden drop in the skewness parameter to zero above 30 K very likely
indicates the melting transition of the vortex lattice.
The temperature dependence of λ can be calculated using [81]
λ−2i (T )
λ−2i (0)
= 1 +
1
pi
2pi∫
0
∞∫
∆SC(T,ϕ)
w(ϕ)
(
∂f
∂E
)
E dE dϕ√
E2 −∆SC(T, ϕ)2
, (25)
with
∆SC(T, ϕ) = ∆
0
SC s(T/Tc) g(ϕ). (26)
In Eq. (25) index i refers to any one of the crystallographic axes (i = a, b, c). Here w(ϕ)
is a non-uniform quasi-particle weight function on the Fermi surface (for a uniform quasi-
particle weight: w(ϕ) = 1, 0 ≤ ϕ ≤ 2pi). In Eq. (25) f = [exp(E/kBT ) + 1]−1 denotes
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Figure 15: Magnetic field dependence of the in-plane depolarization rate σsc for optimally
doped (BiPb)2(SrLa)2CuO6+δ at 1.6 K. The solid black line results from numerical calcu-
lations using the model of Brandt [76], assuming an isotropic s-wave gap with λ = 360 nm
and κ = 140. In the assumed case of d-wave superconductivity, the expected field de-
pendence of σsc is shown by the solid red line, which takes the nonlinear response of
the in-plane superfluid density into account (see text for details). Insets show examples
of the local magnetic field distribution P (B) are plotted for 5, 40, and 640 mT. After
Paper III (Sec. 2.3.6).
the Fermi distribution function, and λi(0) and ∆
0
SC the zero-temperature values for the
magnetic penetration depth and the superconducting gap respectively. In Eq. (26) g(ϕ)
describes the angular dependence of the gap, and s(T/Tc) the temperature dependence.
The depolarization rate σsc(T ) was analyzed assuming d-wave symmetry for the
superconducting gap, i.e. angular dependence g(ϕ) = cos(2ϕ), and a uniform quasi-
particle weight at the Fermi surface [w(ϕ) = 1]. For the temperature dependence of the
gap, s(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]) [82] was chosen. The use of the weak-
coupling BCS formula for s(T/Tc) is justified by direct gap measurements by means
of ARPES [25] and tunneling spectroscopy [83]. Fitting σsc(T ) from Eq. (25) with
σ−2sc (T )/σ
−2
sc (0) = λ
−2(T )/λ−2(0) yielded ∆0SC = 9.7(1) meV (2∆
0
SC/kBTc = 6.43(7)).
The amplitude and the angular dependence of the superconducting gap used in this ap-
proach are shown by the black line in Fig. 16b. Obviously λ(T ) is well described in this
analysis, see the black line in Fig. 16a, but the gap behavior seems to be inconsistent
with the ARPES measurements in Fig. 16b.
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Figure 16: (a) shows the temperature dependence of the in-plane depolarization rate
σsc ∝ λ−2ab of (BiPb)2(SrLa)2CuO6+δ for a field of 40 mT applied along the c-axis. The
lines were obtained using Eq. (25) with various combinations of amplitudes ∆0SC and
angular functions g(ϕ) for the energy gap [g(ϕ) = cos(2ϕ) with a uniform quasi-particle
weight around the Fermi surface, and ∆0SC = 9.7(1) meV (solid black) and ∆
0
SC = 15 meV
(dashed green); ∆0SC = 15 meV and g(ϕ) = cos(2ϕ) with partial suppression of the
superfluid density (solid orange) and g(ϕ) = cos(2ϕ) in the nodal and g(ϕ) = cos(3.4ϕ)
in the anti-nodal region (solid blue), see text for details]. (b) shows the amplitude and
the angular dependence of the energy gap of OP Bi2201 as obtained from ARPES [14],
and illustrates the different approaches used to analyze σsc(T ) in the respective color.
The inset in panel (b) shows schematically a part of the Fermi surface. The points A
and B are in the near nodal and the near anti-nodal region, respectively. After Paper
IV (Sec. 2.3.7).
We now turn to the evaluation of the µSR where we made direct use of the amplitude
and the angular dependence of the energy gap determined in the ARPES measurements
made on a similar sample of OP Bi2201 [14]. Three different approaches were investi-
gated in an attempt to reproduce the in-plane σsc(T ) (Fig. 16a and Fig. 16b).
(a) In the first approach, ∆SC(ϕ) in Eq. (25) was taken to be the dashed green line
in Fig. 16b with a uniform quasi-particle weight (w(ϕ) = 1) assumed for the entire
Fermi surface. For the green line a d-wave gap was assumed. The gap amplitude ∆0SC
for T = 0 was determined by fitting a d-wave gap expression [g(ϕ) = cos(2ϕ)], us-
ing for the angular dependence of the energy gap only the ARPES data that are not
affected by the pseudogap [14]. The dashed green line in Fig. 16b is thus given by
∆SC(T, ϕ) = 15 meV × s(T/Tc) × cos(2ϕ), which yields 2∆0SC/kBTc = 9.95. For the
temperature dependence of the gap, s(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]) [82] was
chosen. The σsc(T ) calculated from this approach is shown as the dashed green line in
Fig. 16a, which obviously cannot describe the µSR data consistently.
(b) In the second approach, ∆SC(ϕ) in Eq. (25) is taken to be the solid blue line in
Fig. 16b, for which the weight function w(ϕ) = 1 was assumed. The blue line is an
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analytical function consisting of two parts, one describing the near-nodal and the other
the near anti-nodal region. For the near-nodal part ∆0SC = 15 meV, g(ϕ) = cos(2ϕ), and
s(T/Tc) is the same as in the first approach. The near anti-nodal part was assumed to be
temperature independent, as suggested by Raman-scattering experiments [84]. For the
gap a value of ∆0SC = 36 meV and for g(ϕ) = cos(3.4ϕ) were used. The σsc(T ) calculated
in this approach is shown as the solid blue line in Fig. 16a. It is evident that neither this
approach describes the µSR data well.
(c) The third approach was identical to the first, except that now the superfluid den-
sity was assumed to be suppressed on part of the Fermi surface, as illustrated by the
solid orange line in Fig. 16b. Formally, this suppression can be realized by adjusting
w(ϕ) according to:
w(ϕ) =
{
1 if (n · 45o − 25o) ≤ ϕ ≤ n · 45o,
0 else.
where n is an integer ranging from 1 to 8. σsc(T ) calculated in this approach describes
the µSR data fairly well as is seen by the solid orange line in Fig. 16a.
Fair consistency between bulk-sensitive µSR and surface-sensitive ARPES measure-
ments is obtained in the approach, where a partial suppression of the quasi-particle
weight was assumed. These findings therefore suggest that the pseudogap and the su-
perconducting phase are dominated by different parts of the Fermi surface.
Note that both fitting procedures, the one assuming a superconducting d-wave gap
with a uniform quasi-particle weight over the whole Fermi surface with ∆0SC = 9.7 meV
(black line in Fig. 16a), and on the other using the ARPES results, assuming a supercon-
ducting d-wave gap with partial suppression of the quasi-particles on the Fermi surface
and ∆0SC = 15 meV (orange line in Fig. 16a) describe our µSR data well.
2.3.5 Conclusions
From the field dependence of the µSR data it was found that the in-plane super-
fluid density shows a behavior that excludes pure isotropic s-wave superconductivity for
(BiPb)2(SrLa)2CuO6+δ, but rather indicates superconductivity consistent with a domi-
nant d-wave order parameter. The comparison of the measured temperature dependence
of λ with calculations, using data from ARPES measurements suggests that the states
affected by the pseudogap are not involved with the superfluid condensate. To further
clarify this point, though, more experimental work is required.
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2.3.6 Paper III: Evidence for competition between the superconducting and
the pseudogap state in (BiPb)2(SrLa)2CuO6+δ from muon-spin rota-
tion experiments
This work is published in:
R. Khasanov, Takeshi Kondo, S. Stra¨ssle, D.O.G. Heron, A. Kaminski, H. Keller, S.L. Lee,
and Tsunehiro Takeuchi, Evidence for competition between the superconducting and the
pseudogap state in (BiPb)2(SrLa)2CuO6+δ from muon-spin rotation experiments, Physi-
cal Review Letters 101, 227002 (2008).
Abstract
The in-plane magnetic penetration depth lambdaab in optimally doped (BiPb)2(SrLa)2CuO6+δ
(OP Bi2201) was studied by means of muon-spin rotation. The measurements of λ−2ab (T )
are inconsistent with a simple model of a d-wave order parameter and a uniform quasi-
particle weight around the Fermi surface. The data are well described assuming the
angular gap symmetry obtained in ARPES experiments [Phys. Rev. Lett. 98, 267004
(2007)], which suggest that the superconducting gap in OP Bi2201 exists only in seg-
ments of the Fermi surface near the nodes. The remaining parts of the Fermi surface,
which are strongly affected by the pseudogap state, do not contribute significantly to the
superconducting condensate.
DOI: 10.1103/PhysRevLett.101.227002
PACS numbers: 74.72.Hs, 74.25.Jb, 76.75.+i
The original publication is available at http://www.aps.org
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The in-plane magnetic penetration depth ab in optimally doped ðBiPbÞ2ðSrLaÞ2CuO6þ (OP Bi2201)
was studied by means of muon-spin rotation. The measurements of 2ab ðTÞ are inconsistent with a simple
model of a d-wave order parameter and a uniform quasiparticle weight around the Fermi surface. The data
are well described assuming the angular gap symmetry obtained in ARPES experiments [Phys. Rev. Lett.
98, 267004 (2007)], which suggest that the superconducting gap in OP Bi2201 exists only in segments of
the Fermi surface near the nodes. The remaining parts of the Fermi surface, which are strongly affected by
the pseudogap state, do not contribute significantly to the superconducting condensate.
DOI: 10.1103/PhysRevLett.101.227002 PACS numbers: 74.72.Hs, 74.25.Jb, 76.75.+i
The relevance of the pseudogap phenomenon for super-
conductivity is an important open issue in the physics of
high-temperature cuprate superconductors (HTS’s). There
are two main scenarios to be considered. In the first, the so-
called ‘‘precursor scenario’’, the Cooper pairs are already
formed at T, the temperature at which the pseudogap
opens first, but long-range phase coherence is not estab-
lished until the sample is cooled below the superconduct-
ing transition temperature Tc. In the second, the so-called
‘‘two-gap’’ scenario, the superconducting and the pseudo-
gap state are not directly related with each other, and may
even compete. Within this scenario the gaps in k-space,
existing near the nodes and in the antinodal region of the
Fermi surface, are due to the superconducting and the
pseudogap states, respectively. This scenario gained sup-
port due to a number of recent experiments [1–5] which
revealed that the antinodal gap remains unaffected as the
temperature changes across Tc, and generally its magni-
tude increases significantly in the underdoped region,
where Tc decreases. In contrast, the gap near the nodes
scales with Tc and obeys a well-defined BCS temperature
dependence [4]. This interpretation also agrees with recent
results from scanning-tunneling-microscopy experiments
[6], suggesting that the incoherent antinodal states are not
responsible for the formation of phase-coherent Cooper
pairs. Consequently, superconductivity is caused by the
coherent part of the Fermi surface near the nodes.
Measurements of the magnetic penetration depth  can
be used to distinguish between the above described scenar-
ios. The temperature dependence of  is uniquely deter-
mined by the absolute maximum value of the super-
conducting energy gap and its angular and temperature
dependence. In addition, within the London model, 2
is proportional to the superfluid density via 2 / s /
ns=m
 and, in case where the supercarrier mass m is
known, gives information on the supercarrier density ns.
Here we report on a study of the in-plane magnetic
penetration depth ab in optimally doped ðBiPbÞ2
ðSrLaÞ2CuO6þ (OP Bi2201). This superconductor was
chosen for the following reasons: (i) The angular depen-
dence of the energy gap in similar OP Bi2201 samples was
recently studied by Kondo et al. [3] by means of angular-
resolved photoemission (ARPES); (ii) the maximum val-
ues of two spectral gaps, dominating different regions of
the Fermi surface, are differ for more than a factor 3. Note
that in OP Bi2212 those gaps were found to be almost the
same [4]. Good agreement with the ARPES data was
obtained within a model which assumes that the pseudogap
affects the spectral density of the antinodal quasiparticle.
Consequently, only carriers close to the nodes contribute to
the superfluid density, while the weight of the coherent
quasiparticle near the antinodes is negligible. This state-
ment is also supported by comparing the zero-temperature
value of 2ab ð0Þ for OP Bi2201 studied here with those of
other OP HTS’s, such as Ca2xNaxCuO2Cl2 (OP Na-
CCOC) [7] and La2xSrxCuO4 (OP La214) [8], having
similar transition temperatures. It was observed that in
superconductors where the superconducting gap is devel-
oped only close to the nodes (OP Bi2201 and OP Na-
CCOC) the superfluid density is more than 50% smaller
than in OP La214 where the d-wave superconducting gap
is detected on the whole Fermi surface [9].
Details on the sample preparation for OP Bi2201 single
crystals can be found elsewhere [10]. The values of Tc and
the width of the superconducting transition, as determined
from magnetization measurements, are ’35 K and ’3 K,
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respectively. The transverse-field SR experiments were
carried out at the M3 beam line at the Paul Scherrer
Institute (Villigen, Switzerland). The description of
TF-SR technique and its application to study HTS’s
can be found in Ref. [11]. Two OP Bi2201 single crystals
with an approximate size of 4 2 0:1 mm3 were used.
The sample was field cooled from above Tc to 1.6 K in a
series of fields ranging from 5 to 640 mT. The magnetic
field was applied parallel to the crystallographic c axis and
transverse to the muon-spin polarization. The typical
counting statistics were 15–18 million muon detections
per data point. In order to describe the asymmetric local
magnetic field distribution PðBÞ in the superconductor in
the mixed state the analysis of the data was based on a two-
component Gaussian fit of the SR time spectra [12,13]:
PðtÞ ¼X
2
i¼1
Ai expð2i t2=2Þ cosðBitþÞ; (1)
which corresponds to the field distribution:
PðBÞ ¼ 
X2
i¼1
Ai
i
exp


2
ðB BiÞ2
22i

: (2)
Here Ai, i, and Bi are the asymmetry, the relaxation
rate, and the mean field of the ith component,  ¼ 2
135:5342 MHz=T denotes the muon gyromagnetic ratio,
and  is the initial phase of the muon-spin ensemble. The
analysis was simplified to a single Gaussian line shape in
the case when the two-Gaussian and the one-Gaussian fits
result in comparable 	2.
The magnetic field penetration depth was derived from
the total second moment of PðBÞ:
2tot ¼
X2
i¼1
Ai
A1 þ A2 ½
2
i þ 2½Bi  hBi2; (3)
as 4 / 2tot  2nm ¼ 2sc. Here nm is the nuclear mo-
ment contribution, sc is the superconducting state contri-
bution, and hBi is the first moment of PðBÞ (see Ref. [12]
for details). Since the magnetic field was applied along the
crystallographic c axis, our experiments provide direct
information on ab.
Figure 1(a) shows the dependence of sc on the applied
magnetic field measured after field cooling the OP Bi2201
sample from T > Tc down to 1.6 K. The PðBÞ distributions
were calculated using the maximum entropy Fourier-
transform technique for 0H ¼ 5, 40, and 640 mT [see
Fig. 1(a)]. In the whole range of fields (5 mT  0H 
640 mT) PðBÞ is asymmetric. The asymmetric shape of
PðBÞ is generally described by the skewness parameter

s ¼ hB3i1=3=hB2i1=2 [hBni is the nth central moment
of PðBÞ]. The variation of
s reflects underlying changes in
the vortex structure [14]. In the limit  1 and for real-
istic measuring conditions 
s ’ 1:2 for an ideal triangular
vortex lattice (VL). It is very sensitive to structural changes
of the VL which can occur as a function of temperature
and/or magnetic field [14,15]. Figure 1(b) implies that in
OP Bi2201 
sðHÞ is almost constant [
s ¼ 0:84ð2Þ] and is
smaller than the expected value of 1.2, which can be caused
by microscopic field gradients due to interaction of flux
expulsion with pinning, different geometric factors due to
the range of crystal sizes and shapes, spatial variation in the
penetration depth [16].
It should be noted here that addition of Pb does not
change Tc and the in-plane superfluid density s / 2ab
[17], but makes OP Bi2201 more three dimensional. To es-
timate the anisotropy coefficient c;ab ¼ c=ab (c is the
c-axis component of the penetration depth) we performed
torque magnetization experiment on one of the crystals
studied [18]. A value of c;ab ’ 20 was found, which is
more than 10 times smaller than c;ab ’ 200 400 ob-
tained on OP Bi2201 without Pb by Kawamata et al. [19].
Figure 1 indicates that scðHÞ is not monotonic: with
increasing field sc goes through the broad maximum at
around 20 mT. The black solid line in Fig. 1(a), calculated
within the model of Brandt [20], corresponds to scðHÞ for
an isotropic s-wave superconductor with  ¼ 360 nm and
 ¼ = ’ 140 ( ’ 2:6 nm was obtained from the value
of the second critical field 0Hc2ð0Þ ’ 50 T [21]). From
FIG. 1 (color online). (a) Dependence of sc of OP Bi2201 on
the applied magnetic field measured at T ¼ 1:6 K. The black
solid line corresponds to scðHÞ obtained by using the numerical
calculations of Brandt [20] ( ¼ 360 nm,  ¼ 140) for a super-
conductor with an isotropic energy gap. The solid red line
represents scðHÞ expected in case of a d-wave superconductor.
The blue dotted curves show the local magnetic field distribution
PðBÞ calculated by means of the maximum entropy Fourier-
transform technique at T ¼ 1:6 K and 0H ¼ 5, 40, and
640 mT. (b) Field dependence of the skewness parameter 
s.
The solid line is the average value 
s ¼ 0:84ð2Þ.
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Fig. 1(a) we conclude that the experimental scðHÞ de-
pends much stronger on the magnetic field than expected
for a fully gaped s-wave superconductor. As shown by
Amin et al. [22] for a superconductor with nodes in the
energy gap a field dependent correction to s arises from
its nonlocal and nonlinear response to an applied magnetic
field. The solid red line represents the result of the fit by
means of the relation:
sðHÞ
sðH ¼ 0Þ
¼ scðHÞ
scðH ¼ 0Þ ¼ 1 K
ﬃﬃﬃﬃ
H
p
; (4)
which takes the nonlinear correction to s for a supercon-
ductor with a d-wave energy gap into account [23]. Here
the parameter K depends on the strength of the nonlinear
effect. Since Eq. (4) is valid for intermediate fields Hc1 
H  Hc2 (Hc1 is the first critical field) only the data points
above 40 mT were considered in the analysis.
We now discuss the T dependence of sc. Figure 2 dis-
plays scðTÞ measured at 0H ¼ 40 mT. Below 20 K, sc
is linear in T as expected for a superconductor with nodes
in the gap, consistent with the conclusion drawn from the
analysis of the scðHÞ data (see discussion above and
Fig. 1). To ensure that scðTÞ is determined primarily by
the variance of the magnetic field within the VL we plot in
Fig. 2(b) the corresponding 
sðTÞ. It is constant from 1.6 K
to ’27 K and drops to zero at T ’ 30 K, where PðBÞ
becomes fully symmetric. A similarly sharp change of 
s
with temperature was observed in Bi2212 and was ex-
plained by VL melting [14,15]. Correspondingly, we con-
clude that for temperatures 0< T & 30 K the T variation
of sc reflects the intrinsic behavior of the in-plane mag-
netic penetration depth ab.
The T dependence of sc was analyzed by assuming that
the angular dependence of the energy gap in OP Bi2201 is
similar to the one from recent ARPES experiments [3] [see
Fig. 3(a)]. In analogy with Refs. [3,4] it was also assumed
that the energy gap in the nodal region changes with
temperature in accordance with the weak-coupling BCS
prediction ~ðT=TcÞ ¼ tanhf1:82½1:018ðTc=T  1Þ0:51g
[24], while the one near the antinodes is T independent
[see the corresponding lines ‘‘A’’ and ‘‘B’’ in Fig. 3(b)].
The following cases were considered: (I) a monotonic
d-wave gap ðT;’Þ ¼ 15 meV cosð2’Þ~ðT=TcÞ (green
dashed line); (II) a monotonic d-wave gap with suppressed
quasiparticle weight in the antinodal region (solid orange
line); (III) an analytical function, which follows the mono-
tonic d wave 15 meV cosð2’Þ~ðT=TcÞ in the nodal region
and changes to a 36 meV cosð3:4’Þ behavior close to the
antinodes (solid blue line). The T dependence of 2ab was
calculated within the local (London) approximation (
) using the following equation [13]:
scðTÞ
scð0Þ
¼ 1þ 8
 4’0
Z =4
’0
Z 1
ðT;’Þ

@f
@E

 EdEd’ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2  ðT;’Þ2p : (5)
f ¼ ½1þ expðE=kBTÞ1 denotes the Fermi function.
Here we also replace the prefactor 8= of the integral
with 8=ð 4’0Þ to account for the case when the super-
conducting energy gap is developed only on a part of the
FIG. 2 (color online). (a) Dependence of sc of OP Bi2201 on
T measured at 0H ¼ 40 mT. Lines represent the theoretical
scðTÞ curves obtained by assuming different symmetries of the
superconducting energy gap [see Fig. 3(a)]. The errors in sc are
smaller than the size of data points. (b) Dependence of the
skewness parameter 
s on T. The blue dotted curves represent
PðBÞ distributions below (T ¼ 27 K) and above (T ¼ 30 K) the
VL melting temperature.
FIG. 3 (color online). (a) Angular dependence of the energy
gap of OP Bi2201 obtained in ARPES experiments [3]. Lines
represent the various models of the gap symmetries used to
analyze the experimental scðTÞ data [see Fig. 2(a)]. The inset
shows schematically a part of the Fermi surface. The points ‘‘A’’
and ‘‘B’’ are close to the nodal (’ 45	) and the antinodal
(’ 0	) region, respectively. (b) Temperature dependence of
the energy gap in the nodal (curve A) and the antinodal (curve B)
regions.
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Fermi surface (in our case from ’0 to =4). The results of
this analysis are presented in Fig. 2(a). The monotonic
d-wave gap as well as the combined gap represented by
the solid blue line in Fig. 3(a) cannot describe the experi-
mental scðTÞ. Full consistency between ARPES and SR
data is obtained if one assumes a superconducting d-wave
gap with only carriers in the region 20	 & ’< 45	 con-
tributing to the superfluid [see Fig. 3(a)]. It should be noted
here that the theoretical scðTÞ curves in Fig. 2 were not
fitted, but obtained directly by introducing the angular
dependence of the gap measured in ARPES experiments
into Eq. (5), describing the T dependence of the penetra-
tion depth within the London approach.
Next we compare the zero-temperature values of
2ab ð0Þ / ns=m for various OP HTS’s having comparable
Tc values and for which the angular dependence of the
superconducting gap was measured [3,6,9]. OP La214,
which exhibits a fully developed superconducting gap,
has an approximately 50% higher value of the superfluid
density as compared to both OP Na-CCOC and OP Bi2201,
having the superconducting gap opened only on a limited
part of the Fermi surface (see Table I). Assuming that the
supercarrier masses m are the same for all OP compounds
listed in Table I (in analogy with m ’ 3 4me reported
for La214 and YBa2Cu3O7 families of HTS’s [25]), the
difference in the values of 2ab ð0Þ can be naturally ex-
plained by the different number of carriers condensed
into the superfluid. In the case of OP Bi2201 and OP Na-
CCOC, ns is strongly reduced because of the fraction of the
states is no more available for the superconducting con-
densate due to the pseudogap.
To conclude, the in-plane magnetic penetration depth
ab in optimally doped Bi2201 was studied by means of
muon-spin rotation. By comparing the measured 2ab ðTÞ
with the one calculated theoretically using a model con-
sistent with ARPES measurement [3] we found that the
superconducting gap in OP Bi2201 has d-wave symmetry,
but only carriers from parts of the Fermi surface close to
the node (20	 & ’ & 45	) contribute to the superfluid.
This implies that the pseudogap affects the spectral density
of the quasiparticles and, consequently, not all the states at
the Fermi surface are available to participate in the super-
conducting condensate. Our results supports the scenario
where the superconducting and pseudogap state are two
distinct and competing phenomena. This statement is also
consistent with the fact that the superfluid density in OP
Bi2201 is strongly reduced in comparison with that in OP
La214, where the superconducting gap and coherent qua-
siparticles are observed along the whole Fermi surface
(0	  ’< 45	) [9].
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ab ð0Þ (m2) SC gap region
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OP La214 36 15.0 0	  ’< 45	
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1 Introduction
An important open question in cuprate physics is the rele-
vance of the pseudogap phenomenon for the occurrence of
high-temperature superconductivity. The generic phase dia-
gram of cuprate superconductors is determined by an anti-
ferromagnetic, a pseudogap, and a superconducting phase,
which are characterized by their respective transition tem-
peratures TN , T ∗, and Tc . Below T ∗ the pseudogap state
emerges and the density of states at the Fermi level is de-
creased. Below Tc the superconducting state appears. In the
case that the pseudogap is a precursor phenomenon of su-
perconductivity, long-range phase coherence will be estab-
lished only below Tc and all electronic states, including
those affected by the occurrence of the pseudogap, begin
to form the superconducting condensate. In other words, all
electronic states over the whole Fermi surface, except for
those at the nodes, contribute to superconductivity. How-
ever, a second possible scenario is that the superconducting
condensate is formed only by those states which are not in-
fluenced by the opening of the pseudogap.
Various experiments support the latter scenario [1–6].
Angle resolved photoemission spectroscopy (ARPES) [3, 4]
reveals that the energy gap which opens at Tc exhibits point
nodes along the diagonal of the Cu–O bond, consistent with
dominant d-wave superconductivity. Furthermore, it was
shown that the pseudogap appears below T ∗ and develops
gradually to its maximum value towards the anti-nodal re-
gion of the Fermi arc, whereas it vanishes in a region near
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the nodes. In recent Raman-scattering experiments, an al-
most temperature independent anti-nodal gap in underdoped
cuprates was found below T ∗ [5]. In contrast to that, the
energy gap in the near-nodal region opens below Tc and fol-
lows a well-defined BCS temperature dependence [4]. In ad-
dition, the near-nodal gap scales with Tc [4], whereas the
anti-nodal gap size increases in general when lowering the
doping in the underdoped regime [5]. These experimental
observations suggest that the pseudogap and the supercon-
ducting state are coexisting phenomena, which may arise
from different parts of the Fermi surface.
Muon-spin rotation (µSR) experiments allow to deduce
the magnetic penetration depth λ, which is related to the
superfluid density as λ−2 ∝ ρs ∝ ns/m∗, where m∗ and ns
denote the supercarrier mass and density, respectively. This
relation is valid within the London model (λ $ ξ ). The
temperature dependence of λ is determined by the ampli-
tude of the superconducting energy gap and its temperature
and angular dependence. It is not possible to reconstruct the
amplitude and the exact angular dependence directly from
µSR data. However, by assuming d-wave superconductiv-
ity, λ(T ) can be reconstructed. This reconstruction yields a
gap value. ARPES measurements provide the amplitude and
the angular dependence of the energy gap. By comparing
bulk-sensitive µSR and surface-sensitive ARPES [3] exper-
iments, different gap scenarios were tested. We find consis-
tency between data of these two methods obtained for op-
timally doped (BiPb)2(SrLa)2CuO6+δ by assuming that su-
perconductivity is caused only by states from the near-nodal
part of the Fermi surface, i.e. that the anti-nodal states af-
fected by the pseudogap do not participate in the supercon-
ducting condensate. The main results of this contribution are
published in [7].
2 Experimental Details
The µSR experiments were conducted on Pb- and Sr-doped
single-crystalline (BiPb)2(SrLa)2CuO6+δ at optimum dop-
ing (OP Bi2201) with Tc = 35 K and a transition width
∼3 K. The sample preparation is described elsewhere [8, 9].
Exchanging Bi partially for Pb does not change Tc, but re-
moves partially the buckling of the insulating BiO layer,
which is relevant for ARPES studies [3]. The doping level is
controlled by the relative amount of Sr and La.
OP Bi2201 is an ideal compound to investigate the con-
nection between the superconducting and the pseudogap
phase by means of µSR for the following reasons. First,
recent ARPES studies provide detailed information on the
amplitude and the angular dependence of the energy gap of
OP Bi2201 [3]. Furthermore, a large difference between the
two involved energy scales is advantageous, and the pseudo-
gap size in OP Bi2201 is roughly three times larger than the
superconducting one.
The transverse-field µSR experiments were carried out at
the Paul Scherrer Institute (Villigen, Switzerland). Technical
details of this method can be found in [10]. Two OP Bi2201
crystals with an approximate size of 4× 2× 0.1 mm3 were
field-cooled to 1.6 K in fields ranging from 5 to 640 mT.
The field was applied along the c axis of the crystals, thus
probing the decay of the magnetic field within the ab-
plane (λab). The µSR time spectra were analyzed by a two-
component Gaussian approximation [7, 11, 12]:
P(t) =
2∑
i=1
Ai exp
(−σ 2i t2/2) cos(γµBit + φ), (1)
from which the internal magnetic field distribution P(B)
of the superconductor in the mixed state was obtained by
Fourier transformation:
P(B) = γµ
2∑
i=1
Ai
σi
exp
(
− γ
2
µ(B −Bi)2
2σ 2i
)
. (2)
Ai , σi , and Bi denote the asymmetry, the relaxation rate,
and the mean field of the ith component, γµ = 2pi ×
135.5342 MHz/T is the muon gyromagnetic ratio, and φ
is the initial phase of the muon-spin ensemble.
λab was derived from P(B) within the second-moment
model [7, 11, 12]:
σ 2tot =
2∑
i=1
Ai
A1 + A2
[
σ 2i + γ 2µ
[
Bi − 〈B〉]2], (3)
where λ−4ab ∝ σ 2tot − σ 2nm = σ 2sc. σnm is the additional relax-
ation rate due to the nuclear moments, σsc is the supercon-
ducting state contribution, and 〈B〉 is the first moment of
P(B).
3 Results and Discussion
The field dependence of the second moment of P(B) mea-
sured at 1.6 K is depicted in Fig. 1. The solid black line
was calculated using the model of Brandt [13], assuming
an isotropic s-wave superconductor with λ = 360 nm and
ξ ) 2.6 nm. The coherence length ξ was estimated from the
second critical field µ0Hc2(0)) 50 T [14]. In the case that
the superconducting gap possesses nodes, a field dependent
correction to the superfluid density ρs due to its nonlinear
and nonlocal response to the applied field has to be taken
into account [15]. The nonlinear response of a d-wave su-
perconductor is given by [16, 17]
ρs(H)
ρs(H = 0) =
σsc(H)
σsc(H = 0) = 1−K
√
H. (4)
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Fig. 1 (Color online) Magnetic field dependence of the in-plane
σsc ∝ λ−2ab of (BiPb)2(SrLa)2CuO6+δ at 1.6 K. The solid black line
results from numerical calculations using the model of Brandt [13],
assuming an isotropic s-wave gap and λ = 360 nm and ξ = 2.6 nm.
For a d-wave superconductor the expected field dependence of σsc is
represented by the solid red line, which includes a correction due to
the nonlinear response of the in-plane superfluid density (see text). Ex-
amples of the asymmetric local magnetic field distribution P (B) are
plotted for 40 and 640 mT
The parameter K measures the strength of the nonlinear re-
sponse. Since (4) is valid for H $Hc1, only fields exceed-
ing 40 mT were considered in the fit, which is represented
by the red line in Fig. 1. The skewness parameter is derived
from the second and the third moment of P(B) accord-
ing to αs = 〈*B3〉 13 〈*B2〉− 12 [18] (〈*Bn〉 is the nth mo-
ment of P(B)). αs(1.6 K) was found to be field independent
within error. Moreover, αs = 0.84(2) is smaller than the ex-
pected value of 1.2 for a triangular vortex lattice and κ $ 1
[7]. The field independence of αs ensures that no symmetry
change of the vortex lattice takes place in the investigated
field range. The magnetic field dependence of the in-plane
σsc ∝ λ−2ab shows consistency with a leading d-wave gap (see
Fig. 1).
The temperature dependence of the second moment of
P(B) for a field of 40 mT applied along the c-axis was
studied (see Fig. 2(a)). Note that, below 20 K, σsc(T ) shows
a linear behavior, consistent with the previous finding that
there exist nodes in the gap of OP Bi2201.
The temperature dependence of λ can be calculated us-
ing [12]
λ−2i (T )
λ−2i (0)
= 1 + 1
pi
∫ 2pi
0
∫ ∞
*(T ,ϕ)
w(ϕ)
×
(
∂f
∂E
)
E dE dϕ√
E2 −*(T ,ϕ)2 , (5)
with
*(T ,ϕ) =*0 × s(T /Tc)× g(ϕ). (6)
i refers to the crystallographic axis (i = a, b, c). With the
quasi-particle weight function w(ϕ) a non-uniform quasi-
particle weight around the Fermi surface can be introduced
(for a uniform quasi-particle weight: w(ϕ) = 1, 0 ≤ ϕ ≤
2pi ). f = [exp(E/kBT ) + 1]−1 denotes the Fermi distrib-
ution function, and λi (0) and *0 are the zero-temperature
values of the magnetic penetration depth and the supercon-
ducting gap, respectively. In (6), g(ϕ) describes the angular
dependence of the gap, whereas s(T /Tc) describes its tem-
perature dependence.
First, σsc(T ) was analyzed assuming d-wave symmetry
of the superconducting gap [g(ϕ) = cos(2ϕ)] and a uniform
quasi-particle weight around the Fermi surface [w(ϕ) = 1].
For the temperature dependence of the gap, s(T /Tc) =
tanh(1.82[1.018(Tc/T − 1)0.51]) [19] was taken. To use the
weak-coupling BCS formula for s(T /Tc) is justified by di-
rect gap measurements by means of ARPES [4] and tun-
neling spectroscopy [20]. By fitting the σsc(T ) using (5),
*0 = 9.7(1) meV was found [2*0/kBTc = 6.43]. The am-
plitude and the angular dependence of the superconducting
gap used in this approach are illustrated by the black line in
Fig. 2(b). Obviously, λ(T ) is well described by this analy-
sis, see black line in Fig. 2(a), but the gap behavior seems
to be inconsistent with the ARPES measurements shown in
Fig. 2(b).
In a further step, we analyzed our µSR data by directly
introducing the amplitude and the angular dependence of
the energy gap from ARPES measurements (see Fig. 2(b))
on a similar sample of OP Bi2201 [3]. Three different ap-
proaches were evaluated to reproduce the in-plane σsc(T )
(see Fig. 2(a)) using the ARPES data (see Fig. 2(b)).
(a) In the first approach, *(ϕ) in (5) is given by the
dashed green line in Fig. 2(b). Here, a uniform quasi-particle
weight around the Fermi surface is assumed, i.e. w(ϕ) = 1.
The green line assumes a d-wave gap. The gap amplitude *0
is determined by fitting a d-wave gap expression [g(ϕ) =
cos(2ϕ)] considering only those ARPES data points of the
energy gap’s angular dependence, which are not affected by
the pseudogap phenomenon [3]. Thus, *(T ,ϕ) = 15 meV×
s(T /Tc)×cos(2ϕ) [2*0/kBTc = 9.95]. For the temperature
dependence of the gap, s(T /Tc) = tanh(1.82[1.018(Tc/T −
1)0.51]) [19] was taken. σsc(T ) calculated within this ap-
proach is shown as a dashed green line in Fig. 2(a). Obvi-
ously, the dashed green line cannot describe the µSR data.
(b) In the second approach, *(ϕ) in (5) is given by the
solid blue line in Fig. 2(b). w(ϕ) = 1 was assumed. The
blue line is an analytical function consisting of two parts,
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Fig. 2 (Color online) a Shows the temperature dependence of the
in-plane σsc ∝ λ−2ab of (BiPb)2(SrLa)2CuO6+δ for a field of 40 mT
applied along the c-axis. The lines are obtained using (5) and dif-
ferent amplitude *0 and angular dependence g(ϕ) values of the
energy gap [g(ϕ) = cos(2ϕ) with a uniform quasi-particle weight
around the Fermi surface with *0 = 9.7(1)meV (solid black) and
*0 = 15 meV (dashed green), g(ϕ) = cos(2ϕ) with partial suppres-
sion of the superfluid density (solid orange), and g(ϕ) = cos(2ϕ)
in the nodal and g(ϕ) = cos(3.4ϕ) in the anti-nodal region (solid
blue), see text for more details]. b Shows the amplitude and
the angular dependence of the energy gap of OP Bi2201 as ob-
tained from ARPES [3], and illustrates the different approaches
used to analyze σsc(T ) in the appropriate color. The inset in b
shows schematically a part of the Fermi surface. The points A and
B are in the near nodal and the near anti-nodal region, respec-
tively
one describing the near-nodal and the other the near anti-
nodal region. For the near-nodal part, *0 = 15 meV, g(ϕ) =
cos(2ϕ), and s(T /Tc) = tanh(1.82[1.018(Tc/T − 1)0.51])
[19] was taken. The near anti-nodal part was assumed
to be temperature independent, as suggested by Raman-
scattering experiments [5]. Furthermore, *0 = 36 meV and
g(ϕ) = cos(3.4ϕ) were taken. The σsc(T ) calculated within
this approach is shown as a solid blue line in Fig. 2(a). It
is evident that also this approach cannot describe the µSR
data.
(c) The third approach is the same as approach (a), except
that here the superfluid density is assumed to be suppressed
on a part of the Fermi surface, and is illustrated by the solid
orange line in Fig. 2(b). Technically, this suppression can be
realized by adjusting w(ϕ) according to:
w(ϕ) =
{
1 if (n · 45°− 25°)≤ ϕ ≤ n · 45°,
0 else.
Here, n is an integer ranging from 1 to 8. σsc(T ) calculated
within this approach describes the µSR data rather well and
is shown as a solid orange line in Fig. 2(a).
Full consistency between bulk-sensitive µSR and sur-
face-sensitive ARPES measurements is obtained in the last
approach (c), where a partial suppression of the quasi-
particle weight was assumed. These findings therefore sug-
gest that the pseudogap and the superconducting phase are
dominated by different parts of the Fermi surface.
Note that both, the fitting procedure assuming a super-
conducting d-wave gap with a uniform quasi-particle weight
over the whole Fermi surface with *0 = 9.7 meV (black
line in Fig. 2(a)) and also the calculation using ARPES re-
sults assuming a superconducting d-wave gap with a partial
suppression of the quasi-particles on the Fermi surface with
*0 = 15 meV (orange line in Fig. 2(a)), describe our µSR
data well.
4 Conclusions
From the field dependence of the µSR data it was found
that the in-plane superfluid density shows a behavior which
excludes isotropic s-wave superconductivity for (BiPb)2
(SrLa)2CuO6+δ but shows consistency with superconduc-
tivity with a dominant d-wave order parameter. The com-
parison of the measured temperature dependence of λ with
calculation using recent ARPES measurements on a similar
sample of the same compound suggests that the states af-
fected by the pseudogap do not participate in the superfluid
condensate. To further clarify this point, more experimental
work is required.
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3 The energy gap of the superconducting phase
In this chapter we describe investigations of the energy gap of the superconducting
state using AC susceptibility and muon-spin rotation measurements.
In 1950, almost forty years after the discovery of superconductivity, it could eventu-
ally be shown that the presence of even a weak pair-binding electron-electron interaction
in metals leads to a superconducting state at finite temperatures. Studies of isotope-
effects, e.g. for the transition temperature, provided evidence that the electron-phonon
interaction mediates the pairing in conventional superconductors (e.g. [68]). An electron
traveling through a medium polarizes the lattice by attracting the positively charged ions.
The distributed excess positive charge thus created in turn attracts a second electron,
assuming the interaction is strong enough to overcome the screened Coulomb repulsion.
The phase transition to this new state of matter involves the opening of a gap in the
energy spectrum of the electrons. As a consequence, the electron pairs thus created,
decouple from low-energy excitations, since they are not able to absorb energy in units
smaller than that necessary to overcome the gap, i.e. the pair binding energy. Thus car-
riers in a superconductor can flow through the crystal lattice without energy loss due to
ohmic resistance, which is related to e.g. excitation of lattice vibrations. After extensive
search for a microscopic theory, the framework given in 1957 by Bardeen, Cooper, and
Schrieffer (BCS) theory offered an adequate description of the phenomenon [3].
In 1986, G. Bednorz and K. A. Mu¨ller discovered the cuprate high-temperature su-
perconductors [4] and finally shattered the long standing transition temperature record,
today (2009), at 135 K [5, 85]. Different experimental tools were used not only to prove
the existence of a gap in the cuprates, but also to determine the amplitude and the sym-
metry of the gap. The superconducting state of the cuprates, characterized by reduced
dimensionality and low carrier concentration, do not strictly obey the BCS predictions
and are therefore labeled as unconventional. In cuprates we find, e.g. an exotic dominat-
ing momentum dependence of the binding energy of a dx2−y2 functional form, in contrast
to the s-wave gap of the standard BCS theory. Compared with conventional supercon-
ductors, the coherence length of cuprates is approximately three orders of magnitude
smaller, whereas the magnetic penetration depth is about one order of magnitude larger.
The magnitude of the gap in the cuprate superconductors depends on the oxygen
isotope mass, which we confirmed using AC susceptibility measurements. A nontrivial
linear relation between the isotope effect for the superconducting energy gap and for the
superconducting transition temperature was found.
As is impressively demonstrated with the fairly simple binary compound MgB2, sys-
tems exhibiting multi-band superconductivity do exist. MgB2 possesses two distinct en-
ergy gaps, a large gap associated with the quasi two-dimensional σ-bands and a smaller
due to the three-dimensional pi-band (see e.g. [86–88]). As shown in this chapter, we
found evidence for multi-gap superconductivity in cuprates using µSR. Also the newly
discovered pnictides are believed to be multi-gap superconductors (see e.g. [89, 90]).
Next we turn briefly to the concept of a gap in the energy spectrum. Suppose we
have a simple metal with a well-defined Fermi surface that undergoes a phase transition
to superconductivity. Below the transition temperature, pairs of electrons are formed as
a consequence of a net electron-electron attraction. States close to the Fermi energy are
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forbidden, since an energy gap ∆SC at the Fermi surface opens below Tc. In contrast to
the case of a normal band gap structure, normal electronic conduction always remains
possible since the superconducting gap ∆SC appears at the Fermi surface. The energy
necessary to break a pair into two free electrons amounts to 2∆SC.
The first theoretical prediction of an energy gap at the Fermi level of a superconductor
was given in the BCS framework, where the gap equation was found to be
1 = λep
~ωD∫
0
d
1
E
tanh(
E
2kBT
), (27)
with E =
√
2 + |∆SC|2 and λep the dimensionless electron-phonon coupling constant.
It should be noted that Eq. (27) implicitly predicts the transition temperature Tc and
the zero temperature energy gap ∆0SC. In the limit ∆SC → 0 it can be shown that
kBTc = 1.13 ~ωD exp(−1/λep), (28)
where ωD is the characteristic phonon frequency. Evaluating the integral in Eq. (27) for
T = 0 and comparing the result with Eq. (28) yields the famous BCS result
2∆0SC = 3.52 kB Tc. (29)
One of the first experimental verifications of the existence of an energy gap in a super-
conductor was provided by Tinkham and Glover [91] by means of infrared spectroscopy.
A gap in the energy spectrum strongly affects the absorption of electromagnetic waves.
Unlike the case of conventional superconductors, the magnitude of the gap ∆k can also
depend on the wave vector k as was found for the cuprates (e.g. [14]):
∆SC(k) = ∆SC (conventional superconductors, s−wave)
∆SC(k) = ∆SC(cos(kxa)− cos(kya))/2 (cuprates, dx2−y2−wave)
(30)
We focus next on the role of the lattice, i.e. the role of phonons for superconductivity in
cuprates. A direct approach is to investigate the influence of phonons on specific param-
eters by altering the phonon spectrum, which is accomplished with isotope exchange.
An alternative approach is to study the response to variations in physical or chemical
pressure. Isotope exchange studies require careful sample treatment, in particular back-
exchange experiments that confirm observed effects as depending on the isotope masses
only.
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3.1 Isotope effects and the superconducting energy gap
3.1.1 Concept of DC magnetization and AC susceptibility measurements
A sample exposed to a static external magnetic field shows an internal magnetization.
In the DC magnetization measurements, the macroscopic magnetic moment m of the
sample can be determined by moving the magnetized sample through a set of pick-up
coils and observing the change in the magnetic flux Φm. According to Faraday’s law, a
voltage Uind = −dΦm/dt is induced in the coils, from which the magnetic moment m can
be deduced, and the magnetization M calculated as M = m/V , where V is the volume
of the sample.
In an AC susceptibility measurement, in contrast, not the sample is moving to create
a varying flux, but a small alternating magnetic field with frequency f = ω/2pi is super-
imposed on the large static field. In this case the slope of the magnetization curve, not
the absolute magnetic moment is measured. As a consequence the AC measurement is
sensitive to dynamic effects. At sufficiently high frequencies the magnetization will lag
behind the superimposed alternating field with a relative phase shift ϕ. The susceptibil-
ity χ is conveniently interpreted as consisting of a real (or in-phase) component χ
′
and
an imaginary (or out-of-phase) component χ
′′
. The real part is a measure of the time
average of the magnetic energy stored in the sample, while the imaginary part of χ is
related to dissipative processes in the sample.
3.1.2 Motivation
In many conventional superconductors isotope exchange reveals a dependence of Tc
on the isotope mass m that can be expressed as Tc ∝ m−α. In general, the isotope
dependence of a quantity F (m) is characterized by the isotope exponent α, defined as
α = −∂ log(F )/∂ log(m). (31)
Isotope experiments with mercury established a relation between the isotope mass and
Tc with α ≈ 0.5 [92, 93]. These studies paved the way for a successful microscopic
theory that delineates the importance of crystal lattice excitations for superconductivity.
Phonons were theoretically implicated as responsible for superconductivity for the first
time by Fro¨hlich [94] and Bardeen [95], ideas that eventually led to the development
of the BCS theory [3]. As a matter of curiosity, it is interesting to note here that
phonon interactions are also responsible for conventional ohmic resistance. In the BCS
formula (Eq. (28)), it is the phonon frequency ωD that governs the isotope effect. In
the harmonic approximation of lattice vibrations ωD ∝ m−0.5, and accordingly α = 0.5.
Subsequent measurements on various conventional superconductors showed that α can
deviate substantially from 0.5. The BCS theory was developed in the framework of weak
coupling, i.e. the electron-phonon coupling constant λep is assumed to be small. This
assumption is not strictly valid for a superconductor, i.e. in the strong-coupling regime,
where deviations from α = 0.5 may be found. Eliashberg worked out a formalism in
order to extend the BCS theory for any value of λep [96, 97]. Later, McMillan [98]
included the screened Coulomb repulsion µ∗ between electrons, which is put to use in
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the McMillan-Allen-Dynes equation, where Tc may be expressed through [99].
kBTc =
~ωm
1.2
exp
[
− 1.04(1 + λep)
λep − µ∗(1 + 0.62λep)
]
, (32)
with ωm the average phonon frequency. Using this formula, the less pronounced isotope
effect found in conventional superconductors can be explained.
The unconventional cuprate superconductors show an isotope effect for Tc, as well as
for the magnetic penetration depth λ, see e.g. [100–104]. Both isotope effects depend on
the doping level, which is neither expected from the conventional BCS theory, nor from
the more general Eliashberg equations. In the underdoped regime, a linear correlation
between the two isotope effects was observed [100] and both decrease toward optimum
doping to a value close to zero. Previously, the small isotope effect at optimum doping
was erroneously taken as evidence that the lattice does not play a significant role for the
pairing mechanism in cuprates. The BCS theory relates Tc directly to ∆SC according
to Eq. (29). The cuprates are known not to be BCS superconductors though, and it
is not clear how ∆SC is influenced by isotope exchange, and if so, whether the isotope
effect depends on doping. Using low-field magnetization measurements in oxygen-isotope
(16O/18O) substituted Y1−xPrxBa2Cu3O7−δ (x=0.0, 0.2, 0.3, 0.45) samples, we addressed
this issue and found a novel isotope effect for the zero temperature superconducting
energy gap ∆0SC that scales with the effects for Tc and for λ.
3.1.3 Experimental details
Replacing Y in YBa2Cu3O7−δ with Pr gradually lowers Tc. For x = 0.0, 0.2, 0.3, and
0.45 in Y1−xPrxBa2Cu3O7−δ, we find Tc = 93.2, 70.0, 55.5, and 33.0 K, respectively. The
polycrystalline samples were prepared using a solid-state reaction technique described in
detail elsewhere [105]. After grinding, the powder was passed through a 10µm sieve in
order to obtain the fine mesh necessary for the determination of the magnetic penetra-
tion depth λ from low-field magnetization measurements. The oxygen-isotope (16O/18O)
exchange process was performed by annealing the samples in a 18O2 atmosphere. A con-
sistent thermal history of the samples was affirmed through identical treatment. While
annealing the substituted 18O sample, the original 16O sample was simultaneously heated
in 16O2 gas. According to the gravimetric analysis, the
18O2 content of the substituted
sample corresponds to a 90(2)% exchange. Samples for the back-exchange experiment
were prepared, i.e. the 18O (16O) samples were again annealed in a 16O (18O) atmo-
sphere. The back-exchange experiments are indispensable, since they ensure that any
compositional deviation or preparation errors can be excluded from the data analysis.
The samples containing Pr were then cast in epoxy and magnetically oriented, while
curing in a 9 T field, as described in Sec. 2.1.3.
The magnetization measurements were performed with Quantum Design magnetome-
ters (MPMS and PPMS). At 10 K the separation of the powder grains and the absence
of weak links were confirmed by the linear relation between magnetization and the ap-
plied field [106]. The non-oriented samples containing no Pr were studied in a DC-
field of 0.5 mT, whereas the oriented samples were measured in a 0.3 mT AC-field with
frequency 333 Hz applied parallel to the c-axis. The samples containing Pr showed a
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paramagnetic behavior that was measured in the normal-conducting regime and subse-
quently subtracted as a background signal from the diamagnetic magnetization in the
superconducting phase.
Assuming spherical shape of the grains we applied the Shoenberg formula [107] in
order to extract the temperature dependence of the magnetic penetration depth λ(T )
from the measured temperature dependence of the magnetic susceptibility χ(T ),
χ(T ) =
3
2
[
1− 3λ(T )
R
coth
(
R
λ(T )
)
+
3λ2(T )
R2
]
, (33)
where R denotes the unknown average grain size. Since the screening currents flow in the
ab-plane and decay over a distance λab from the grain surface, we determined λab with a
small magnetic field parallel to the c-axis of the oriented sample. Only in non-oriented
powders, an effective penetration depth λeff would be measured. For anisotropic cuprate
superconductors, however, λab is determined by the relation λeff = 1.3λab [108]. To
account for the unknown grain size R, λab(2 K) for the
16O sample was normalized to
the value obtained from µSR measurements [109]. Note that the absolute value of λab
depends on the absolute value of the magnetization and on R, whereas the temperature
dependence of λab is completely determined by the temperature dependence of χ [106],
which justifies our approach.
3.1.4 Results and discussion
The data were analyzed using Eq. (25) with w(ϕ) = 1 and assuming a d-wave gap
[g(ϕ) = cos(2ϕ)]. To obtain the temperature dependence of the superconducting gap
the approximate formula s(T/Tc) = tanh(1.82[1.018(Tc/T − 1)0.51]) [82] was used. The
transition temperature Tc and the zero-temperature superconducting energy gap ∆
0
SC
were determined from the analysis of λ−2ab (T ). The relative isotope effect for Tc and for
∆0SC was defined as δX/X = (
18X − 16X)/16X with X being either Tc or ∆0SC. The
results were corrected for the incomplete isotope exchange of 90% in the 18O samples,
and are in agreement with literature data (see Ref. [110] and references therein).
Figure 17 displays the resulting ∆0SC versus the transition temperature Tc. Note
that the analysis as outlined above is valid in the weak-coupling BCS theory, and
not necessarily applicable to cuprates, for which the gap-to-Tc ratio is substantially
larger. This can be seen in Fig. 17, where the dashed line represents the universal BCS
value 2∆0SC/kBTc=3.52, whereas the solid line corresponds to the strong-coupling value
2∆0SC/kBTc=5.34 predicted by a polaronic model [111]. Gap values for different high-
temperature superconductors measured with various techniques are compared in Fig. 17.
The overall agreement with our data is evident, and confirms the approach. Note that
we do not address the issue of the complex nature of the superconducting energy gap,
but only investigate the relative influence of isotope substitution on the gap. A calcu-
lation of the relative isotope effect for the superconducting gap of Y1−xPrxBa2Cu3O7−δ
with different Pr-substitution fraction x, reveals an evident doping dependence. The
doping behavior features a sign reversal of the isotope effect in the vicinity of optimum
doping. Figure 18 shows the doping dependence of the relative oxygen-isotope effect in
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Figure 17: The zero-temperature superconducting gap versus the transition tempera-
ture Tc for
16O/18O substituted Y1−xPrxBa2Cu3O7−δ investigated with magnetization
measurements, and for various hole-doped high-temperature superconductors studied
by means of Andreev reflection (AR) [112], muon-spin rotation (µSR) [81, 113, 114],
tunneling [115–117], Raman scattering (RS) [118], and angle-resolved photoemission
(ARPES) [30] techniques. The solid red and blue circles are the Y1−xPrxBa2Cu3O7−δ
data obtained in the present work. The open circles, the square, and the triangles are
data for YBa2Cu3O7−δ [112, 113] and Y1−yCayBa2Cu3O7−δ [115] (Y123). The circled
cross is the sole data point for YBa2Cu4O8 (Y124) from [113]. The open diamonds
and the squared cross are the data for La2−xSrxCuO4 (La214) from [81, 118]. The
open hexagon corresponds to Pb doped Bi2Sr2CuO6+x (Bi2201) [116] and the aster-
isks represent the data for Bi2Sr2Ca1xYxCu2O8 (Bi2212) [30]. The shaded grey area is
reproduced from Ref. [117] where 2∆0SC/kBTc=7.9(5) for Bi2212. The solid line corre-
sponds to 2∆0SC/kBTc=5.34, which was predicted theoretically using a two-component
model with polaronic coupling [111]. The dashed line represents the universal BCS value
2∆0SC/kBTc=3.52. After Paper V (Sec. 3.1.6).
Pr-substituted Y1−xPrxBa2Cu3O7−δ for x = 0.0, 0.2, 0.3, and 0.45 with sign reversed.
3.1.5 Conclusions
From low-field magnetization measurements on Y1−xPrxBa2Cu3O7−δ (x = 0.0, 0.2, 0.3,
and 0.45) the oxygen-isotope effect of the zero-temperature superconducting energy gap
was determined in this work for the first time. A non-trivial linear relation between
the isotope effect for the energy gap and for Tc was found. The isotope effect is more
pronounced in the underdoped regime, then decreases toward optimum doping and even-
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Figure 18: Oxygen-isotope shift of the zero-temperature superconducting gap ∆0SC ver-
sus the oxygen-isotope effect on the transition temperature Tc for Y1−xPrxBa2Cu3O7−δ
(x=0.0, 0.2, 0.3, 0.45). The solid line was obtained by model calculations as described
in [111]. The results of the back-exchange experiments are included as asterisks. After
Paper V (Sec. 3.1.6).
tually reverses sign close to optimum doping. This doping dependence, including the sign
reversal, was predicted by model calculations based on polaron formation [111] and can-
not be explained by present purely electronic mechanisms. The presence of a substantial
isotope effect clearly indicates the importance of lattice effects for the physics of high-
temperature superconductivity in the cuprates.
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3.1.6 Paper V: Universal correlations of isotope effects in
Y1−xPrxBa2Cu3O7−δ
This work is published in:
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H. Keller, Universal correlations of isotope effects in Y1−xPrxBa2Cu3O7−δ, Physical Re-
view B 77, 104530 (2008).
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both isotope effects is established, which has been predicted from a polaronic model.
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The oxygen-isotope 16O / 18O effect on the zero-temperature superconducting energy gap 0 is studied for
a series of Y1−xPrxBa2Cu3O7− samples 0.0x0.45. In analogy to the isotope effect on the superconduct-
ing transition temperature, the isotope effect on 0 increases with decreasing gap magnitude. A generic
correlation between both isotope effects is established, which has been predicted from a polaronic model.
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I. INTRODUCTION
The microscopic pairing mechanism of high-temperature
cuprate superconductors HTSs remains unknown even
more than 20 years after their discovery. While for conven-
tional superconductors the isotope effect on Tc has provided
convincing evidence for a phonon-mediated pairing mecha-
nism, the situation in HTSs is more complex, since the iso-
tope effect is strongly doping dependent.1–6 Especially, it is
vanishingly small close to optimum doping.1,2 This observa-
tion has frequently been taken as evidence that the lattice is
inactive in the pairing mechanism. However, with decreasing
doping and decreasing Tc, the isotope effect recovers and
even exceeds the BCS value of 0.5 considerably.1,4–6 While
in conventional superconductors the isotope effect on Tc and
the zero-temperature superconducting energy gap 0 are in-
trinsically correlated, similar conclusions cannot be drawn
for HTSs, especially in view of the complexity of the phase
diagram and the order parameter. Thus, a systematic investi-
gation of an isotope effect on 0 can contribute to the under-
standing of these intricate materials.
In this paper, we report a study of the oxygen-isotope
16O / 18O effect OIE on 0 in the cuprate superconductor
Y1−xPrxBa2Cu3O7−. A linear relation between 0 and Tc is
found as predicted theoretically. The isotope effect on 0
scales linearly with the one on Tc and reverses sign around
optimum doping, as anticipated from model calculations.
Different doping levels of the isotope exchanged samples can
be ruled out by performing careful back-exchange experi-
ments.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of Y1−xPrxBa2Cu3O7− x
=0.0,0.2,0.3,0.45 were prepared by standard solid state
reaction.7 In order to obtain fine grains needed for the deter-
mination of the magnetic field penetration depth  by low
field magnetization measurements, the ceramic samples were
first grounded for approximately 20 min in air and then
passed through 10 m sieves. The oxygen-isotope exchange
was performed by heating the samples in 18O2 gas. In order
to ensure the same thermal history of the substituted 18O
and not substituted 16O samples, both annealings in 16O2
and 18O2 gases were always performed simultaneously. The18O content was determined from the weight change and
corresponds to a 902% exchange. The samples containing
Pr were c-axis oriented in a field of 9 T, whereas samples
with no Pr remained in nonoriented powder form.
ac and dc magnetization experiments were carried
through in the temperature range 2–100 K by using Quan-
tum Design magnetometers MPMS and PPMS. The
samples with no Pr were studied in dc experiments with a dc
field amplitude of 0.5 mT. The oriented samples containing
Pr were investigated with the ac field field amplitude
0.3 mT and field frequency 333 Hz applied parallel to the c
axis. The separation of the grains and the absence of weak
links were tested by confirming the linear relation between
the magnetization and the field at T=10 K.8 The dc field
variation ranged from 0.5 to 1.5 mT, and the ac fields from
0.1 to 1 mT with frequencies between 49 and 599 Hz. The
magnetization data were corrected by subtracting the para-
magnetic background.
In Fig. 1, the magnetic susceptibility normalized to that of
an ideal superconductor of spherical shape T /id is shown
for the c-axis aligned 16O and 18O samples with x=0.2. Since
the ratio T /id is substantially smaller than 1, it is ensured
that the average size of the grains is comparable to . This
strong reduction in T /id is a consequence of the surface-
field penetration in each individual grain. In addition, in the
whole temperature range, T is systematically larger in the
16O samples than in the 18O samples confirming that the
penetration depth is reduced in the former samples as com-
pared to the latter ones, in agreement with previous ob-
servations.3–6,9,10
In order to analyze the experimental data, we assume that
the powder particles have a spherical shape and apply the
Shoenberg formula12
T =
3
21 − 3TR coth RT + 32TR2  , 1
which relates the measured susceptibility  to the magnetic
penetration depth . Here, R is the average grain-size radius.
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The following issues are important for the interpretation
of the experimental data: i When a small magnetic field is
applied along the c axis, the screening currents flow in the ab
plane, decaying on the distance ab from the grain surface.
Thus experiments on c-axis oriented samples provide direct
information on ab. ii From experiments on nonoriented
powders, an effective averaged penetration depth ef f can be
extracted. However, in highly anisotropic extreme type-II su-
perconductors as HTSs, this can—in turn—be related to the
in-plane penetration depth through the relation
ef f1.3ab.13 iii The absolute value of ab depends on the
value of the susceptibility  and the average grain-size radius
R see Eq. 1, whereas the temperature dependence is inde-
pendent of the grain size and entirely given by T.8
III. EXPERIMENTAL RESULTS
The experimental results for the in-plane magnetic field
penetration depth ab for 16O / 18O substituted
Y1−xPrxBa2Cu3O7− with x=0.0,0.2,0.3,0.45 are shown in
Fig. 2a. In order to account for the undetermined average
grain radius R, the values of ab
−22 K for the 16O samples
were normalized to those obtained from muon-spin rotation
SR experiments.14 To ensure that for the 16O and 18O
substituted samples the doping level remained the same,
back-exchange experiments were performed for two repre-
sentative compositions see Fig. 2b. It is important to note
here that these back-exchange experiments are absolutely es-
sential since they guarantee that any compositional devia-
tions or preparation errors are excluded. Only in this way can
real isotope effects be observed in contrast to marginal ones
caused by different doping levels.15
In the local London approximation ,  is the co-
herence length, the magnetic penetration depth in an aniso-
tropic superconductor can be calculated via16
i
−2T =
0e
2
4	3
  dSFvi

· vi
vi
1 + 2	
k
 
 f
E EdEE2 − k2 .
2
The index i refers to the principal crystallographic axes a, b,
and c, vi is the corresponding ith component of the Fermi
velocity, f = 1+expE /kBT−1 is the Fermi function, k is
the value of the superconducting energy gap along k, and dSF
is the Fermi surface element. The second term in Eq. 2,
which is negative, describes the decrease of i
−2T caused by
the thermal population of Bogoliubov quasiparticle levels
with energy E. It is this quantity where the anisotropy and
the magnitude of the energy gap enter. By assuming that the
Fermi velocity is constant, Eq. 2 can be reduced to17
i
−2T
i
−20
= 1 +
1
	
	
0
2		
T,
 
 f
E EdEdE2 − T,2 , 3
where i
−20 is the zero-temperature value of the magnetic
penetration depth and T ,=0 sT /Tcg. The function
g describes the angular dependence of the gap, and 0 is
the maximum gap value at T=0. The temperature depen-
dence of the gap sT /Tc can either be obtained within the
framework of the BCS theory extended to account for a
d-wave superconductor, or by using the tabulated gap
values,18 or by applying the approximate equation17
FIG. 1. Color online The temperature dependences of the mag-
netic susceptibility normalized to that for an ideal superconduc-
tor of spherical shape T /id for 16O / 18O substituted
Y0.8Pr0.2Ba2Cu3O7−.
FIG. 2. Color online a Temperature dependences of the
inverse-squared in-plane magnetic field penetration depth ab
−2 for
16O / 18O substituted Y1−xPrxBa2Cu3O7− x=0.0,0.2,0.3,0.45
samples. The solid lines are results from a numerical analysis as
described in the text. b ab
−2T for back-exchanged 16O→ 18O,
18O→ 16O Y1−xPrxBa2Cu3O7− x=0.2,0.3, showing that the dop-
ing level for the 16O / 18O samples is unchanged.
KHASANOV et al. PHYSICAL REVIEW B 77, 104530 2008
104530-2
T/Tc = 0 tanh1.821.018Tc/T − 10.51 . 4
We emphasize here that the temperature dependence of the
gap in HTSs was found to follow the weak-coupling BCS
prediction.19–21
The result of the analysis of the experimental data by
means of Eq. 3, with T /Tc described by Eq. 4 and
g= cos2 for a d-wave gap,22 are shown in Fig. 2 by
solid lines. For T10 K, all experimental data are consis-
tently described by this approach with a nearly linear tem-
perature dependence up to T0.5Tc. Below 10 K, the ex-
perimental data saturate in contrast to the calculated ones
which continue to increase. This deviance between experi-
ment and theory can be a consequence of impurity
scattering,23 chemical and/or structural defects,24 or may be
due to the above mentioned simplifying assumption that the
gap is of d-wave symmetry only. From the data, neither of
these sources can be identified unambiguously. The values of
Tc and 0 obtained from the analysis of the ab
−2T data are
summarized in Table I. The relative isotope shifts of Tc and
0 were determined from their relative percentage change
with isotope substitution. The values of Tc /Tc and 0 /0 
X /X= 18X− 16X / 16X, X=Tc or 0, corrected for the in-
complete isotope exchange in the 18O samples, are also given
in Table I. The results for the OIE on Tc are in accord with
already published data.1,2,4–6,10,11
In Fig. 3, the values of the zero-temperature gap 0, as
determined in this study, are shown as a function of their
corresponding values of Tc. In order to demonstrate their
consistency with previously reported gap values, data for dif-
ferent HTSs, as obtained by a variety of different
methods,25–33 are included together with theoretical results
discussed below.34–36 The good agreement between the 0
values of the present study with those reported in the litera-
ture implies that the above described procedure allows us to
accurately determine the gap values from the measured
−2T. It is important to mention that even though our val-
ues of 0 were derived indirectly and display some scattering
see Fig. 3, the OIE on the gap is independent of this meth-
odology, since eventual errors in the absolute values of 0
are systematic due to the same analysis of the data sets of
16O and 18O samples.
It should be outlined here that the use of Eqs. 3 and 4
in analyzing the experimental data is valid only for the case
of weakly coupled BCS superconductors and does not nec-
essarily hold for HTSs. However, the good agreement be-
tween the theoretically derived curves and the experimental
ones for T10 K see Fig. 2, as well as a good correspon-
dence of the previously reported 0 values with those ob-
served in the present study see Fig. 3, justifies our ap-
proach.
IV. DISCUSSION
The data presented in Fig. 3 follow a general trend,
namely, 0 scales almost linearly with Tc. The linear relation
between 0 and Tc is absolutely nontrivial, since competing
and coexisting energy scales dominate the phase diagram of
HTSs. Especially, the pseudogap, which is in many experi-
ments undistinguishable from the superconducting gap, has
given rise to statements controverse to our findings, i.e., that
0 increases with decreasing Tc see, e.g., Ref. 37 and refer-
ences therein. The linear relation between 0 and Tc was
predicted by BCS theory with a value of 20 /kBTc=3.52,
smaller than observed here see Fig. 3, which can be attrib-
uted to the d-wave gap. This linear relation obviously re-
quires that an isotope effect on Tc results in the same isotope
effect on the superconducting energy gap. However, as was
outlined above, the complex symmetry of 0 and the uniden-
tified pairing mechanism do not admit any conclusions on
the doping dependence of the isotope effect on the gap.
The OIE on 0 is compared to the one on Tc in Fig. 4,
together with theoretically derived results.34 Interestingly, the
same linear relation between both is observed in consistency
with a model, where polaronic renormalizations of the
single-particle energies were introduced.34–36 Of fundamental
importance is the observation of a sign reversal of the iso-
tope effect around optimum doping, as predicted in Refs.
34–36, which provides evidence that polaronic effects may
control the physics of HTSs.
TABLE I. Values of Tc and 0 for the 16O / 18O substituted Y1−xPrxBa2Cu3O7− samples investigated in
this work. The relative isotope shifts of these quantities Tc /Tc and 0 /0 are given in the last two
columns of the table. The values of Tc /Tc and 0 /0 are corrected for the incomplete isotope exchange in
the 18O samples, where the 18O exchange rate corresponds to 90%.
Sample
16O 18O
Tc /Tc
%
0 /0
%
Tc
K
0
meV
Tc
K
0
meV
YBa2Cu3O7− 93.237 29.7522 93.016 30.0624 −0.2611 1.21.2
Y0.8Pr0.2Ba2Cu3O7− 70.026 19.6114 69.228 19.3313 −1.2716 −1.61.1
Y0.7Pr0.3Ba2Cu3O7− 55.508 12.289 54.408 11.9811 −2.2023 −2.71.3
Y0.55Pr0.45Ba2Cu3O7− 33.018 6.875 31.207 6.535 −6.0937 −5.51.2
Y0.8Pr0.2Ba2Cu3O7− 69.806a 19.5412a 69.027b 19.1913b −1.2414 −2.01.0
Y0.7Pr0.3Ba2Cu3O7− 55.418a 12.218a 54.307b 11.948b −2.2322 −2.51.0
aResults for back-exchanged 18O→ 16O samples.
bResults for back-exchanged 16O→ 18O samples.
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The theoretical model considers two components where
the doped holes lead to the formation of metallic regions in
the otherwise insulating antiferromagnetic matrix for de-
tails, see Refs. 34–36. These holes couple strongly to the
ionic displacements to form polarons with variable spatial
extent. Since these metallic polaronic clusters carry huge
strain fields, a self-organization into patterns stripes takes
place which lowers the strain energy and induces interactions
between the matrix and the “polaron stripes.”34 The locally
strong electron-lattice interaction within the metallic regions
causes an s-wave order parameter, in contrast to the embed-
ding matrix with a d-wave order parameter. Interband inter-
actions between both subsystems guarantee a single transi-
tion temperature together with coupled gaps which were
calculated self-consistently. The important effect of the po-
laron formation is an exponential renormalization of the
bandwidth which carries an isotope effect, and an isotope
independent level shift. Principally, all hopping integrals are
renormalized by the polaron formation, but they contribute in
a very different way to the isotope effect.36 By varying the
polaronic coupling, both coupled gaps, s and d, are calcu-
lated self-consistently for each coupling from which the av-
erage gap 0=s2+d2 is obtained as a function of the cor-
responding Tc yielding 20 /kBTc=5.34. These results are
included in Fig. 3 as a straight line together with experimen-
tal data obtained by different techniques.25–33 The calculated
oxygen-isotope shift of the average gap 0 vs the one on Tc
is compared to the present data of Y1−xPrxBa2Cu3O7− in Fig.
4. The observed good agreement between experiment and
theory is in support of polaron formation. Here, it is worth
mentioning that the isotope effect on the individual gaps, i.e.,
s and d, is of the same order of magnitude for both gaps,
but always slightly enhanced for the d-wave gap as com-
pared to the s-wave one.34 It is important to emphasize that
even though our approach resembles formally the two-band
BCS theory, we do not consider conventional electron-
phonon coupling as the pairing interaction, but local polaron
formation. This has, besides the above mentioned important
band renormalizations, the additional effect of reducing the
Coulomb repulsion considerably which can even become at-
tractive. A further relevant point to mention is that the cal-
culated isotope effect is a consequence of the renormaliza-
tion of only the second and interplanar hopping integrals
whereas the direct hopping integral yields the wrong ten-
dency of the isotope effect. From these results, conclusions
about the relevant displacement which causes the isotope
effect can be drawn.34–36
V. CONCLUSIONS
In summary, from measurements of the in-plane magnetic
field penetration depth the zero-temperature superconducting
energy gaps 0 for Y1−xPrxBa2Cu3O7− 0.0x0.45 were
determined. A nontrivial linear relation between 0 and Tc
was found as predicted theoretically. The OIE on the super-
µ
µ
µ
∆
δ
FIG. 3. Color online The zero-temperature superconducting
gap 0 vs the superconducting transition temperature Tc for
16O / 18O substituted Y1−xPrxBa2Cu3O7− samples studied in the
present work and various hole-doped HTSs studied by means of
Andreev reflection AR Ref. 25 muon-spin rotation SR Refs.
26–28, tunneling Refs. 29–31, Raman scattering RS Ref. 32
and angle-resolved photoemission spectroscopy ARPES Ref. 33
techniques. Solid red and blue circles are the Y1−xPrxBa2Cu3O7−
data obtained in the present study see Table I. Open circles,
square, and up and down triangles are the data for YBa2Cu3O7−
Refs. 25 and 28 and Y1−yCayBa2Cu3O7− Ref. 29 Y123. The
crossed circle is the data point for YBa2Cu4O8 Y124 from Ref.
27. Open diamonds and the crossed square are the data for
La2−xSrxCuO4 La214 from Refs. 26 and 32. The open hexagon
corresponds to Pb doped Bi2Sr2CuO6+x Bi2201 Ref. 30 and the
stars represent the data for Bi2Sr2Ca1−xYxCu2O8 Bi2212 Ref.
33. The shaded gray area has been extracted from Ref. 31 where
20 /kBTc=7.95 was observed for Bi2212. The solid line corre-
sponding to 20 /kBTc=5.34 has been predicted theoretically by us-
ing a two-component model with polaronic coupling Ref. 34. The
dashed line corresponds to the BCS value 20 /kBTc=3.52.
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FIG. 4. Color online Comparison of the oxygen-isotope shift
on the superconducting gap 0 with the one on the transition tem-
perature Tc for Y1−xPrxBa2Cu3O7− x=0.0,0.2,0.3,0.45. The
circles refer to the present experiments, and the solid line was ob-
tained from model calculations as described in Refs. 34–36. The
stars refer to the back-exchange data.
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conducting gap 0 scales linearly with the one on Tc and
reverses sign around optimum doping. This sign reversal is
in agreement with predictions from model calculations and
unexpected from theories based on purely electronic mecha-
nisms. Different doping levels of the isotope exchanged
samples were ruled out by performing careful back-exchange
experiments. The experimental results together with their
theoretical analysis suggest that unconventional electron-
lattice interactions play an important role in the physics of
high-temperature superconductivity.
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3.2 Multi-band superconductivity
3.2.1 Motivation
The superconducting gap opens in the conduction band at the Fermi energy as the
temperature decreases below the transition temperature Tc. If there is a second band
crossing the Fermi energy, it is possible that a multi-gap structure is present. As was
realized only two years after the presentation of the BCS formalism in 1957 [3], a mul-
tiple order parameter can substantially enhance the transition temperature [119]. The
two bands may interact through, e.g. band-scattering [120], such that superconductivity
appears in both electronic subsystems at the same temperature. Inter-band interaction
may even be a key element of high-temperature superconductivity. After the first ex-
perimental proof of two-gap superconductivity for Nb-doped SrTiO3 in 1980 [121], one
of the most prominent examples of two-band superconductivity was found in MgB2.
In this compound the sp2-hybridization of the s-, px-, and the py-orbitals leads to the
two-dimensional σ-band, whereas the pz-orbitals form the so-called three-dimensional
pi-band. Both bands exhibit a superconducting gap with magnitudes of 7.1 meV and
2.8 meV respectively, and both open at the same transition temperature, ∼ 38 K [122].
Compared with oxide superconductors, MgB2 is a fairly simple binary compound that
may be well described using first-principle calculations [123]. We performed the first nu-
clear magnetic resonance measurements on a small MgB2 single crystal (mass ∼ 70µg),
focussing on the normal-conducting phase of the superconductor (see Sec. 3.2.6). Our
findings are in good agreement with theoretical predictions.
The concept of multiple superconducting gaps is pursued here in order to explain
the persistence of superconductivity in cuprates at high temperatures, see [124] (and
references therein). Mainly based on tunneling data, it was argued early on that the
superconducting condensate in cuprates may be non-uniform, and possibly described
by both an s- and a d-wave order parameter [125]. Accumulating experimental ev-
idence indicates that the cuprates indeed exhibit multi-component superconductivity.
The same holds true for the newly discovered pnictides [89, 90, 126]. In cuprates, this
idea is supported by several different experimental techniques, like nuclear magnetic res-
onance [127], angular-resolved photoemission [128], muon-spin rotation [81,113], Raman
scattering [129, 130], Andreev reflection [131], tunneling [132], and neutron crystal-field
spectroscopy [133]. In particular, tunneling [134] and optical spectroscopy data [135,136]
suggest s-wave symmetry for the superconducting order parameter along the c-axis.
In order to address the complex structure of the gap in the bulk, single crystals are
required. The µSR technique is bulk sensitive and works well for millimeter-sized single
crystals. For a single crystal, the temperature dependence of the superfluid density can
be determined separately for the three crystallographic axes, which allows conclusions
about the gap symmetry. Our µSR experiments show an inflection point in the tem-
perature dependence of the in-plane superfluid density at low temperatures for the two
cuprate systems La2−xSrxCuO4 [81] and underdoped YBa2Cu4O8 [113]. More general
conclusions about the cuprates, i.e. intrinsic and universal properties, require investiga-
tion of structurally different cuprate systems, for which reason we also studied optimally
doped single-crystalline YBa2Cu3O7−δ.
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3.2.2 Experimental details
The µSR experiment on YBa2Cu3O7−δ was made on a single crystal of dimensions
roughly 4 × 4 × 1 mm3, prepared using the method described in [137]. The transition
temperature Tc = 91.2 K was determined by magnetization measurements, showing a
transition width of 2 K, thus confirming the good sample quality. YBa2Cu3O7−δ has an
orthorhombic crystal structure with b/a ≈ 1.015 [138]. The orthorombicity is determined
by the CuO chain layer. In general, YBCO single crystals grow with built-in twinning
boundaries at which the a- and b-axes commute. In order to allow for an accurate de-
composition of the µSR data for each crystallographic axis, the amount of twinning was
suppressed below 10% of the crystal volume by an annealing process under stress at
400 oC during 2 months.
Using transverse field µSR (for conceptual and technical details, see Sec. 2.3.1), the
local magnetic field distribution in the mixed state was measured. The µSR experiments
were performed at PSI on the general purpose spectrometer (GPS). The crystal was
mounted in a holder, specially designed for thin platelet samples. Temperatures down
to 1.7 K were reached and fields up to 0.64 T applied.
The data were analyzed using a four-component Gaussian to fit the µSR time signal,
and applying the second moment method as described in Sec. 2.3.1. A sum of three
Gaussians were taken to represent the local field distribution P (B) due to the vortex
lattice, whereas one Gaussian accounted for the background signal. The nuclear con-
tribution to the depolarization rate σnm was determined at temperatures above Tc and
taken into account according to Eq. (22). For highly anisotropic superconductors, such
as the cuprates, the relation given in Eq. (23) (σ ∝ λ−2) must be modified accordingly
when the external field is applied along the three crystallographic directions a, b, or c.
If the external field is directed parallel to the crystallographic axis i, then the magnetic
penetration depth can be derived from the second moment as [139]
λ−2jk = (λjλk)
−1 ∝ σjk = √σjσk, (34)
where i, j, k stands for any of the crystallographic axes.
3.2.3 Results and discussion
The sample was field-cooled to 1.7 K in four different field strengths of 0.05, 0.1, 0.2,
and 0.64 T applied parallel to the c-axis. The depolarization rate σab was determined
with 20-25 million events collected for each temperature. As in previous studies [81,113],
σab(T ) exhibits a prominent inflection point at low temperatures (see Fig. 19), which
suggests the presence of two superconducting gaps of different size [124] in YBa2Cu3O7−δ.
The data were analyzed assuming a small s- and a large d-wave gap. σ(T ) was accordingly
represented in Eq. (25) with two components as σ(T ) = σd(T )+σs(T ), with σ(T )/σ(0) =
λ−2i (T )/λ
−2
i (0), using tabulated values for s(T/Tc) in Eq. (26) from Ref. [140] (solid red
line in Fig. 19). This specific two-gap approach is justified by the current conventional
assumption that cuprates are d-wave superconductors [141]. Hence the larger gap was
chosen to have d-wave symmetry. Based on tunneling ( [125] and Refs. therein) and
Andreev reflection [131] experiments, however, the presence of a substantial isotropic
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contribution to the superfluid density has been inferred. Therefore, the small gap was
assumed to be isotropic. Note that this scheme of reasoning is also supported by magnetic
field dependence measurements for the two gaps in LSCO [124], indicating the existence
of a small s-wave contribution to a dominant d-wave in-plane order parameter5. The
two zero-temperature in-plane gaps in YBa2Cu3O7−δ were found to be ∆d0 = 22.9(1) meV
and ∆s0 = 0.71(1) meV and were assumed to be field independent for the rather low fields
applied. For YBa2Cu3O7−δ a slight increase of the d-wave contribution to the superfluid
density with increasing field was also found, which is consistent with earlier findings for
LSCO, where the influence from the field was stronger for the small gap than for the
larger [81].
The µSR experiments were performed with the external field applied parallel to the
Figure 19: Temperature dependence of σab ∝ λ−2ab measured in YBa2Cu3O7−δ for two
different fields: (a) 0.1 T and (b) 0.64 T. The solid lines represent calculations for a
two-gap model, where the black line refers to the d-wave and the blue line to the s-wave
contribution. After Paper VI (Sec. 3.2.5).
three principal crystallographic axes in order to determine λ−2a , λ
−2
b , and λ
−2
c separately.
Along the a- and b-axes a field of 0.012 T and in the c-direction a field of 0.1 T was
5To determine the symmetry of each gap individually, the large gap can be measured separately if
the smaller gap is quenched by an applied magnetic field. The symmetry of the larger gap can then be
inferred from the slope of the superfluid density-vs-temperature curve at low temperatures. The actual
field dependence of the small gap yields information about the k dependence of the smaller gap [124].
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applied. From Eq. (34) one readily obtains the individual contributions as
σi =
σijσik
σjk
∝ λ−2i . (35)
The individual components of the anisotropy parameter γ can be computed using
γij = λi/λj =
√
σj/σi. (36)
Fig. 20a shows the temperature dependences of the individual components σi ∝ λ−2i
(i = a, b, c) calculated according to Eq. (35). Both, σa and σb show a linear increase
from 60 K down to 10 K, where an inflection point occurs, as was also found for the
two-band approach outlined above.
The chains in YBCO are metallic systems with higher conductivity in the direction
of the chains. It has been argued that one of the gaps is associated with the chains
but the relative contributions from the two gaps are almost identical along the a- and
b-directions. Moreover, a similar multi-gap mechanism was also found for chain-free
LSCO [81]. Thus we conclude that the two-gap behavior is not a consequence of the
chain structure in YBCO, but an intrinsic property of the cuprates. In contrast to σa
and σb, the temperature dependence of σc is rather different, since it saturates below
∼ 40 K, see Fig. 20a. This suggests a dominant s-wave mechanism in the direction of the
c-axis, for which the analysis yields 17.5 meV, assuming an isotropic zero-temperature
out-of-plane gap. The temperature dependence of the calculated anisotropy parameter
is shown in Fig. 20b. The in-plane anisotropy, γab, is almost temperature independent,
whereas the out-of-plane anisotropies γca and γcb increase for decreasing temperature, a
behavior expected for multi-band superconductivity [90].
3.2.4 Conclusions
In µSR experiments with YBa2Cu3O7−δ, a distinct increase of the in-plane superfluid
density was found in a series of measurements with decreasing temperature. Around 10 K
an inflection point appears. Such an inflection point is expected for the case of a two-gap
mechanism with 2∆/(kBTc) considerably smaller for one of the gaps. In contrast, the
superfluid density saturates at lower temperatures for the out-of-plane component. The
µSR data are thus suggesting the presence of a major d-wave gap in the CuO2 planes of
the cuprates, which mixes with an isotropic gap that dominates the superfluid density in
direction of the c-axis. Due to this mixing, a small s-wave component would be present
also in the in-plane superfluid density. This emphasizes the three-dimensional character
of the cuprates, which is not supported in approaches, like e.g. the t − J model, for
which focus is exclusively on the CuO2 planes. The small d-wave contribution to the
out-of-plane superfluid density, which would be expected as a consequence of the band
interaction, could not be resolved in the measurements.
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Figure 20: In panel (a) the temperature dependence of the individual components σi ∝
λ−2i (i = a, b, c) for single crystalline YBa2Cu3O7−δ are displayed. σa and σb are analyzed
in a two-band model assuming a large d-wave and a small s-wave gap. σc was modeled
using a simple s-wave approach. Panel (b) shows the calculated anisotropy parameters
γab, γca, and γcb, as obtained from Eq. (36). After Paper VI (Sec. 3.2.5).
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3.2.5 Paper VI: Multiple Gap Symmetries for the Order Parameter of Cuprate
Superconductors from Penetration Depth Measurements
This work is published in:
R. Khasanov, S. Stra¨ssle, D. Di Castro, T. Masui, S. Miyasaka, S. Tajima, A. Bussmann-
Holder, and H. Keller, Multiple Gap Symmetries for the Order Parameter of Cuprate
Superconductors from Penetration Depth Measurements, Physical Review Letters 99,
237601 (2007).
Abstract
The temperature dependence of the London penetration depth was measured for an
untwinned single crystal of YBa2Cu3O7 along the three principal crystallographic direc-
tions (a, b, and c). Both in-plane components (λ−2a and λ
−2
b ) show an inflection point
in their temperature dependence which is absent in the component along the c-direction
(λ−2c ). The data provide convincing evidence that the in-plane superconducting order
parameter is a mixture of (s+d)-wave symmetry whereas it is mainly s wave along the
c-direction. In conjunction with previous results it is concluded that coupled (s+d)-order
parameters are universal and intrinsic to cuprate superconductors.
DOI: 10.1103/PhysRevLett.99.237601
PACS numbers: 74.20.Rp, 74.25.Ha, 74.72.Dn, 76.75.+i
The original publication is available at http://www.aps.org
Errata
• Page 1, 2nd column, 11th line: La2−xSrCuxO4.
• Page 3, 1st column, Table 1: the indices s and d of σs(0) and σd(0) have to be
interchanged in the header of the table.
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The temperature dependence of the London penetration depth  was measured for an untwinned single
crystal of YBa2Cu3O7 along the three principal crystallographic directions (a, b, and c). Both in-plane
components (2a and 2b ) show an inflection point in their temperature dependence which is absent in the
component along the c direction (2c ). The data provide convincing evidence that the in-plane super-
conducting order parameter is a mixture of (s d)-wave symmetry whereas it is mainly s wave along the
c direction. In conjunction with previous results it is concluded that coupled s d-order parameters are
universal and intrinsic to cuprate superconductors.
DOI: 10.1103/PhysRevLett.99.237601 PACS numbers: 74.20.Rp, 74.25.Ha, 74.72.Dn, 76.75.+i
It is believed that the CuO2 planes are essential for the
occurrence of superconductivity in cuprate high-
temperature superconductors (HTS’s). Even though either
static or dynamic distortions of these planes destroy the
cubic symmetry, many theoretical approaches ignore the
observed orthorhombicity and idealize the planar structure,
mostly in order to justify a d-wave order parameter. Early
on, it was, however, emphasized that cuprates must have a
more complex order parameter than just d wave [1,2],
supported by many experiments using techniques like nu-
clear magnetic resonance (NMR) [3], Raman scattering
[4,5], angle-resolved electron tunneling [6], Andreev re-
flection [7], angular-resolved photoemission (ARPES) [8],
muon-spin rotation (SR) [9–11], and neutron crystal-
field spectroscopy [12]. In addition, experiments probing
properties along the c axis, like, e.g., tunneling [13], bi-
crystal twist Josephson junctions [14], optical pulsed probe
[15], and optical reflectivity [16], suggest that a pure
s-wave order parameter is realized here.
Multiple order parameter scenarios were proposed
shortly after the BCS theory in order to account for a
complex band structure and interband scattering [17–19].
This approach has the advantage that high-temperature
superconductivity can easily be realized even within
weak coupling theories since interband pair scattering
strongly enhances the transition temperature (Tc) as com-
pared to a single band model. The first realization of two-
band superconductivity has been made in Nb doped SrTiO3
[20]. With the discovery of high-temperature superconduc-
tivity in MgB2, two-gap superconductivity became more
prominent, and meanwhile more systems exhibiting multi-
band superconductivity have been discovered (see, e.g.,
Refs. [20–24] ). Interestingly, in all these systems the
coupled superconducting order parameters are of the
same symmetry, i.e., s s, d d. In this respect HTS’s
are novel since here mixed order parameter symmetries are
realized, namely, s d. Theoretically, it has been shown
that mixed order parameters support even higher values of
Tc as compared to coupled order parameters of the same
symmetry [25].
In order to prove that complex order parameters are
intrinsic and universal to HTS, previous SR mea-
surements [9–11] were continued for another HTS fam-
ily, namely YBa2Cu3O7. The SR technique has the
advantage that it is bulk sensitive and a direct probe
of the London penetration depth. Recent results for
La1xSrxCuO4 and YBa2Cu4O8 [9–11] clearly demon-
strate the existence of two coupled (s d)-wave gaps in
the CuO2 planes and an s-wave gap along the c axis in
YBa2Cu4O8. While these findings already suggest that a
complex gap structure is intrinsic to HTS, the new results
on YBa2Cu3O7, presented below, support this conclu-
sion consistently. We are thus reasoning that (s d)-wave
superconductivity in the planes and s-wave superconduc-
tivity along the c direction are intrinsic and universal to
cuprates which imposes serious constraints for theoretical
models.
The crystal was grown by a crystal pulling technique
[26] and exhibited a rectangular shape of an approximate
size of 4 4 1 mm3. The sample was untwinned by
annealing it under stress for 2 months at 400 C. The total
fraction, where a and b axis are exchanged, occupies
approximately 8% to 10% of the entire crystal, as con-
firmed by measurements with a polarized microscope. Tc
and the transition width were determined by dc-
magnetization measurements and found to be 91.2 K and
2 K, respectively.
The transverse-field SR experiments were carried out
at the M3 beam line at the Paul Scherrer Institute
(Villigen, Switzerland). The samples were field cooled
from above Tc to 1.7 K in magnetic fields ranging from
0.012 T to 0.64 T. The typical counting statistics were
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20–25 million muon detections per data point. The
analysis of the data was based on a four component
Gaussian fit of the SR time spectra where one component
describes the background signal stemming from muons
stopped outside the sample, and the three other compo-
nents describe the asymmetric local magnetic field distri-
bution PB in the superconductor in the mixed state:
 Pt  X3
i1
Ai exp2i t2=2 cosBit
 Abg exp2bgt2=2 cosBbgt (1)
with the first term on the right-hand site corresponding to
the field distribution [27]:
 PB  
X3
i1
Ai
i
exp


2
B Bi2
22i

: (2)
Here AiAbg, ibg, and BiBbg are the asymmetry, the
relaxation rate, and the mean field of the ith component
(background),   2 135:5342 MHz=T denotes the
muon gyromagnetic ratio, and  is the initial phase of the
muon-spin ensemble.
The magnetic field penetration depth  was derived from
the total second moment of PB:
 2tot 
X3
i1
Ai
A1  A2  A3 	
2
i  2	Bi  hBi
2
; (3)
as 4 / 2tot  2nm  2. Here nm is the nuclear mo-
ment contribution,  is the superconducting state contri-
bution, and hBi is the first moment of PB (see Ref. [9] for
details).
Since cuprates are highly anisotropic, the relation  /
2 has to be extended to account for magnetic fields
applied along the three crystallographic directions (i, j,
k  a, b, c). For the field applied along the ith principal
axis the penetration depth is determined from the second
moment like 2jk  jk1 / jk  jkp [28]. The
magnetic field dependence of ab / 2ab  ab1 has
first been measured for different fields (0.05 T, 0.1 T, 0.2 T,
and 0.64 T). The field was applied along the c axis and,
subsequently, the sample was cooled down from above Tc
to 1.7 K. In Fig. 1 ab is shown as a function of tempera-
ture for two representative fields of 0.1 T and 0.64 T. In
analogy to previous results [9–11], an inflection point in
abT is observed at T ’ 10 K, which signals the coex-
istence of a small s-wave and a large d-wave gap.
Accordingly, the data were analyzed by decomposing
T into two components having d-wave and s-wave
symmetry: T  dT  sT [9–11], where both
components were expressed like [10,11]:
 
T;0
0  1
1

Z 2
0
Z 1
T;’

@f
@E

EdEd’
E2 T;’2p :
(4)
Here, f  	1 expE=kBT
1 is the Fermi function,
0 is the zero-temperature gap value, and T;’ 
0 ~T=Tcg’. For the normalized gap ~T=Tc tabu-
lated values of Ref. [29] were used. The function g’
describes the angular dependence of the gap and is given
by gd’  j cos2’j for the d-wave gap [7] and gs’ 
1 for the s-wave gap. Figure 1 shows the experimental data
and the corresponding fits. The red lines refer to the sum of
the two components, whereas the blue and the black lines
display the individual s-wave and d-wave contribu-
tions, respectively. For all magnetic fields the analysis
was based on common zero-temperature gap values [s0 
0:711 meV and d0  22:91 meV] but field dependent
second moments [s0, d0]. The parameters are sum-
marized in Table I.
The d-wave contribution to the total superfluid density
!d0=	s0d0
 increases with increasing field
(see Fig. 2), as observed already for La1:83Sr0:17CuO4 [9].
FIG. 1 (color online). Temperature dependences of ab / 2ab
of YBa2Cu3O7 measured after field cooling in 0H  0:1 T
(a) and 0.64 T (b). The red lines represent results of a numerical
calculation using the two-gap model [9–11] with the parameters
listed in Table I. The contributions of the small s-wave and the
large d-wave gap to the in-plane superfluid density are shown by
the blue and the black lines, respectively.
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This dependence is due to the fact that superconductivity is
suppressed stronger in the s-wave band with increasing
field than in the d-wave band [9].
The individual components 2a , 2b , and 2c as a
function of temperature were obtained by applying the
magnetic field along the three crystallographic axes
(0.012 T along a and b, and 0.1 T along c) with the axis-
related superfluid densities according to [11]:
 i  ijik=jk / 2i : (5)
The results are shown in Fig. 3(a). Obviously a and b
have a very similar temperature dependence with an in-
flection point at T ’ 10 K and a linear increase for tem-
peratures between 60 K and 10 K. The temperature
dependence of c is very different from the one of a
and b. Here a saturation is observed at T & 40 K. aT
and bT can be well described by the two-component
approach (see above) using the same zero-temperature gap
values. From this analysis the following individual con-
tributions from the s-wave and the d-wave components
along the a and b axis are obtained: sa0  1:19 s1,
da0  3:83 s1 and sb0  2:51 s1, db0 
5:95 s1. Since the relative contributions of the large
d-wave component are almost the same along a and b
directions, i.e., !a  0:70, !b  0:76, we conclude that
not the CuO chains are the cause of the two-component
behavior [30,31], but that this is an intrinsic property of
cuprates. The same conclusions were reached from dif-
ferent experimental techniques as, e.g., NMR [3], Raman
scattering [4,5], and ARPES [8]. In particular, Masui et al.
[4] showed that the s d symmetry is required to describe
the Raman data, even for tetragonal Tl2Ba2CuO6 having
no chains.
The temperature dependence of the c-axis-related su-
perfluid density c / 2c resembles strongly the one ob-
FIG. 2 (color online). The d-wave contribution to the in-plane
superfluid density !  d0=	s0  d0
 as a function of
the magnetic field of YBa2Cu3O7. The line is a guide to the
eye.
FIG. 3 (color online). (a) Temperature dependences of a /
2a , b / 2b , and c / 2c of YBa2Cu3O7 obtained from
T measured along the crystallographic a, b, and c directions
by using Eq. (5). Lines represent results of the analysis within
the two-component (black and red lines) and one-component
(blue line) models [11]. (b) Temperature dependences of the
anisotropy parameters ab, ca, and cb obtained as ij 
i=j 

j=i
q
(see text for details).
TABLE I. Summary of the two-gap analysis for untwinned
single-crystal YBa2Cu3O7 for the magnetic field applied along
the c direction. The meaning of the parameters is—0H:
applied magnetic field, d0 and s0: d-wave and s-wave
contribution to the zero-temperature SR relaxation rate 0,
!  d0=	s0  d0
: the contribution of the large
d-wave gap to the total in-plane superfluid density at T  0 K,
d0 : d-wave gap at T  0 K, s0: s-wave gap at T  0 K.
0H
(T)
d0
(s1)
s0
(s1) !
d0
(meV)
s0
(meV)
0.05 1.78(2) 4.80(7) 0.729(12)
22.9(1)a 0.71(1)a0.1 2.01(2) 5.53(6) 0.734(11)0.2 1.87(2) 5.63(7) 0.751(13)
0.64 1.49(2) 5.01(7) 0.771(16)
aCommon parameter for all magnetic fields.
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served for YBa2Cu4O8 [11] and follows the one expected
for an s-wave gap. The full blue curve in Fig. 3(a) stems
from an analysis based on an isotropic s-wave gap [see
Eq. (4)] with s0  17:52 meV and c0  0:183 s1
in agreement with tunneling experiments [13]. The s-wave
component along the c axis is not easily detectable by most
experimental methods because either very well-oriented
films or bulk methods have to be used. Since many experi-
ments are surface sensitive only, and ab oriented samples
and films are hardly available, these techniques are unable
to see the s-wave component along the c axis. Its obser-
vation is, however, important since the coupling of a major
d-wave component in the ab plane to the s-wave compo-
nent along the c axis mixes both symmetries in the planes
already. In addition, theory predicts that a pure d-wave
order parameter is never observable and that also along the
c direction an admixture of the d-wave order parameter has
to be present [25]. This latter statement could provide an
explanation for the optical conductivity spectra along the c
direction where strongly anisotropic gaplike features have
been observed [32,33].
Finally, the anisotropy ij  i=j 

j=i
q
along all
three crystallographic directions is calculated using
Eq. (5). The results are shown in Fig. 3(b). While the in-
plane anisotropy (ab) is almost constant for all tempera-
tures and close to 1.2, both out-of-plane components (ca
and cb) are substantially larger (5 and 6.5 in the low-T
limit) and exhibit a sharp increase, at T ’ 10 K, as ex-
pected from Fig. 3(a). This high anisotropy reflects the fact
that the CuO2 planes have nearly Fermi liquidlike metallic
properties whereas along the c direction almost insulating
behavior is observed.
Our conclusions from the above presented data are
manifold. Since (s d)-wave symmetries of the super-
conducting order parameter were observed previously in
various cuprate families [3–12], the new SR data to-
gether with earlier results on different compounds [9–11]
suggest that this behavior is intrinsic and universal.
Similarly, the observation of an s-wave order parameter
along the crystallographic c axis is proposed to be intrinsic
as well. Specifically, this latter point emphasizes the im-
portance of the third dimension for HTS’s. Here it is worth
mentioning that ab initio band structure calculations have
correlated Tc with CuO2 apical oxygen distances [34].
Also computations of ARPES intensities have concluded
that contributions from the c axis are of crucial importance
in understanding the physics of HTS’s [35]. On the other
hand, the observation of mixed order parameters and more
specifically, the additional s-wave component, requires
that the lattice must be considered in the physics of HTS’s.
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3.2.6 Two-band superconductivity in MgB2
Although the chemical compound MgB2 has been known for many decades, it was
only in 2001 that phonon-mediated BCS superconductivity was discovered with the un-
expected high transition temperature Tc ≈ 40 K [142]. MgB2 is the most prominent
example of a two-band superconductor. The sp2-hybridization of the boron px,y- and the
magnesium s-electron orbitals leads to the so-called σ-band, the dimensionality of which
is reduced. The remaining boron pz-electron orbital forms the so-called pi-band that
is pronouncedly three-dimensional. MgB2 possesses two superconducting gaps, a large
σ-gap (∼ 7 meV) associated with the σ-band and a smaller pi-gap (∼ 2 meV) manifested
in the pi-band (see e.g. [143]). Compared with the cuprates, MgB2 is a fairly simple
compound, for which a satisfying theoretical description within the BCS formalism [3]
has been readily provided (see [143] and Refs. therein).
From the experimental point of view, however, there was still a considerable contro-
versy concerning the 11B magnetic shift tensor, and also a lack of experimental data for
the nuclear-spin lattice relaxation rate anisotropy, for which theoretical predictions were
already available. To measure the anisotropy of certain parameters, single crystals are
required. We performed the first single-crystal 11B [144] NMR investigation of MgB2
(see Paper VII), including measurements of the nuclear spin lattice relaxation rate, and
the magnetic shift as well as the anisotropies in the normal-conducting phase of the su-
perconductor. Our results show good agreement with published theoretical calculations
and in part with experimental NMR data from polycrystalline samples. Since the most
accurate values for the electric field gradient are generally obtained from single-crystal
NMR, we examined also the quadrupole interaction and deduced the sign of the electric
field gradient.
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3.2.7 Paper VII:11B NMR study of single-crystal MgB2 in the normal con-
ducting phase
This work is published in:
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crystal MgB2 in the normal conducting phase, Physica C 466, 168 (2007).
Abstract
Single-crystal magnesium diboride (MgB2) with a transition temperature to supercon-
ductivity of Tc = 38.4 K was investigated by quadrupole perturbed
11B nuclear magnetic
resonance in a field of 9 K in the normal conducting phase. Experimental values for the
electric field gradient tensor, the magnetic shift tensor, and the nuclear spin-lattice relax-
ation time for boron were obtained. The anisotropy of the nuclear spin-lattice relaxation
and the magnetic shift were determined. A positive sign of the electric field gradient
was found. Our results show good agreement with published theoretical calculations and
in part with experimental nuclear magnetic resonance data from polycrystalline samples.
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Abstract
Single-crystal magnesium diboride (MgB2) with a transition temperature to superconductivity of Tc = 38.4 K was investigated by
quadrupole perturbed 11B nuclear magnetic resonance in a field of 9 T in the normal conducting phase. Experimental values for the elec-
tric field gradient tensor, the magnetic shift tensor, and the nuclear spin–lattice relaxation time for boron were obtained. The anisotropy
of the nuclear spin–lattice relaxation and the magnetic shift were determined. A positive sign of the electric field gradient was found. Our
results show good agreement with published theoretical calculations and in part with experimental nuclear magnetic resonance data from
polycrystalline samples.
! 2007 Elsevier B.V. All rights reserved.
PACS: 74.25.Nf; 74.70.Ad; 76.60.Cq; 76.60.Es
Keywords: Nuclear magnetic resonance; Magnesium diboride
1. Introduction
Since the discovery of superconductivity (SC) in magne-
sium diboride (MgB2) [1] considerable progress has been
made in elucidating its physical properties. However, it
proved to be a difficult task to grow single crystals of this
intermetallic type-II superconductor. Therefore, the major-
ity of investigations were performed on polycrystalline sam-
ples. In order to determine the anisotropy of certain
parameters of this structurally highly anisotropic com-
pound, single-crystal investigations are essential. Orienting
the powder samples embedded in epoxy with a strong mag-
netic field to study anisotropic properties by means of
nuclear magnetic resonance (NMR) has failed so far.
Recently the technique for growing single crystals of MgB2
was developed [2], and high-quality single crystals of reason-
able size are now available suitable for various studies.
In particular, the observation of a substantial boron iso-
tope effect [3,4] strongly suggests that MgB2 is a phonon-
mediated superconductor. However, the measured total
isotope effect is reduced from the value calculated using
the BCS standard model [5]. In first approaches to account
for this reduction anharmonic phonon effects were invoked
[6]. However, more recently it was shown by Mauri and
collaborators [7] that the anharmonicity was overestimated
and cannot explain the reduced isotope effect.
NMR is a suitable microscopic tool to probe the density
of electronic states near the Fermi level through the static
and fluctuating parts of the hyperfine fields created by car-
riers at the specific nuclear site. The measured quantities,
the nuclear spin-lattice relaxation (NSLR) rate, 1/T1, and
the Knight shift, K, are proportional to the spin susceptibil-
ity of electrons close to the Fermi level, v(q,x), specifically
1=ðT 1T Þ / limx!0
P
qImvðq;xÞ=x and K / Rev(0,0). The
nuclear quadrupole frequency, mQ, reflects the overall
charge distribution since it is directly connected to the elec-
tric field gradient (EFG) tensor, which is defined as the sec-
ond derivative of the electrostatic potential at the nucleus
site.
So far, experimental 11B NMR studies on MgB2 were
performed on polycrystalline samples only [8–12]. While
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doi:10.1016/j.physc.2007.07.002
* Corresponding author.
E-mail address: simon.straessle@physik.unizh.ch (S. Stra¨ssle).
www.elsevier.com/locate/physc
Physica C 466 (2007) 168–173
there is reasonable agreement on the nuclear quadrupole
frequency and the NSLR rate in the normal conducting
(NC) phase, there exists a considerable controversy for
the magnetic shift. This discrepancy stems most probably
from the difficulty to determine the small 11B magnetic shift
of a broad and quadrupolarly shifted 11B central-line pow-
der spectrum. Theoretical predictions for the anisotropy of
the NSLR and the magnetic shift are available, but there is
still a lack of experimental single-crystal data concerning
the anisotropy of these quantities.
We report on the first single-crystal 11B NMR investiga-
tion ofMgB2.Measurements of theNSLR rate and themag-
netic shift including their anisotropies in the NC phase are
presented. Since the most accurate values of the EFG tensor
are generally obtained from single-crystal NMR, we exam-
ined the quadrupole interaction and also determined the sign
of the EFG tensor. We compare our results to theoretical
predictions and previous experimental findings.
The paper is organized as follows: In Section 2 we give a
short overview of the experimental setup. Relevant NMR
specific theoretical relations are summarized in Section 3.
Our results are presented in Section 4, followed by a discus-
sion in Section 5 and a short summary in Section 6.
2. Experimental details
Magnesium diboride (MgB2) crystallizes in the fairly sim-
ple AlB2-type structure, consisting of alternating hexagonal
layers ofMg atoms and graphite-like honeycomb layers of B
atoms. For our 11B NMR investigation of MgB2 a single
crystal with a mass of #70 lg was used. It was prepared by
a high pressure solid-state reaction technique, described in
detail elsewhere [2], yielding flat crystals of excellent quality.
The relevant NMR parameters of the 11B isotope are [13]:
natural abundance 80.1%, nuclear spin I = 3/2, nuclear
quadrupole moment 11Q = 0.04059(10) · 10$28 m2, and
gyromagnetic ratio cn = 8.5847 · 107 rad(Ts)$1.
The NMR experiments were performed with a conven-
tional phase-coherent pulse NMR spectrometer using a
rather tiny NMR coil to optimize the filling factor. The
NMR probe head was operated in an external field of
B0 = 9 T. By employing a (phase-alternating) accumulation
technique the signal-to-noise ratio was improved. The spec-
tra were obtained by complex Fourier transformation of the
free induction decay, following a single radio-frequency exci-
tation pulse. We measured the spin-lattice relaxation time,
T1, using the inversion-recovery pulse sequence with a typi-
calp/2-pulse length of about 10 ls. Temperatureswere stabi-
lized with a precision of better than 0.5 K. The crystal was
orientated with respect to B0 with an error smaller than 2".
3. Theory
3.1. Nuclear quadrupole interaction
Consider an atom with a nuclear quadrupole moment
(nuclear spin I > 1/2) in a crystal lattice. In case the lattice
symmetry of this atom (nucleus probed by NMR) is less
than cubic, quadrupolarly disturbed NMR delivers valu-
able information on the EFG, depending sensitively on
the overall charge distribution in the crystal. This applies
for B in MgB2. Consistent with the local hexagonal symme-
try the EFG at the boron site is axially symmetric along
the c-axis direction, hence its major principal axis, Vzz,
points into the c direction and the asymmetry parameter,
g = (Vxx $ Vyy)/Vzz, 0 6 g 6 1, vanishes. Here we use the
convention jVxxj 6 jVyyj 6 jVzzj. The Hamilton operator
including Zeeman and quadrupole interaction of a nuclear
spin, I, can thus be written as [14]
H ¼ HZ þ HQ
¼ $!hcnIð1þ KtotÞB0 þ
eQV zz
4Ið2I $ 1Þ ½3I
2
z $ I2(; ð1Þ
where cn represents the gyromagnetic ratio and Q the elec-
trical quadrupole moment of the nucleus. Ktot denotes the
magnetic shift tensor. Since in our case the Zeeman term
dominates, the quadrupole interaction can be treated as a
perturbation. In a single crystal the quadrupole perturbed
11B NMR spectrum is in first order split into three lines.
The central line (CL) arises from the central transition,
ðþ 12 ;$ 12Þ, the two satellite lines (SL’s) correspond to theð) 12 ;) 32Þ transitions. The CL is affected in second-order
only, resulting in an angular dependent second-order shift
given by [14]
mð2Þ$12$12
¼ $ m
2
Q
16mm
IðI þ 1Þ $ 3
4
! "
ð1$ cos2 hÞð9 cos2 h$ 1Þ:
ð2Þ
Here mm is the resonance frequency in case of no quadru-
pole interaction. h denotes the angle between the crystallo-
graphic c axis and the B0 direction, and mQ indicates the
quadrupole frequency defined as
mQ ¼ 3eQ2Ið2I $ 1Þh* V zz ¼
eQ
2h
* V zz: ð3Þ
The SL’s are positioned symmetrically with respect to the
CL and their frequency distance, Dm, can be described by
the first-order quadrupole effect expression [14]
Dm ¼ m$ 1
2
! "
mQð3 cos2 h$ 1Þ: ð4Þ
3.2. Magnetic shift
The magnetic coupling between the nuclear spin, I, and
its electronic environment can be viewed as a coupling of
the nuclear magnetic moment !hcnI with a (time dependent)
local magnetic hyperfine field, generated at the site of the
nucleus by the conduction-electron spins and orbital
motions. The static part of the hyperfine field produces a
magnetic NMR line shift expressed by the magnetic shift
tensor Ktot. This tensor is defined as the relative displace-
ment of the NMR frequency with respect to the NMR
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frequency of the same nucleus in a non-metallic reference
compound. In the reference frame of the EFG, using h
and / as the polar angles of B0 and m
ð2Þ
$12$12
as defined in
Eq. (2), the measured resonance frequency m0 is given by
m0 ¼ mL½ð1þ KxxÞ2 cos2 / sin2 hþ ð1þ KyyÞ2
* sin2 / sin2 hþ ð1þ KzzÞ2 cos2 h(12 þ mð2Þ$12$12: ð5Þ
The Larmor frequency, mL, is the resonance frequency mea-
sured in a non-metallic reference compound. Ktot can be
split into an orbital, a spin, and a diamagnetic part:
Ktot(T) = Korb + Kspin(T) + Kdia(T). Korb denotes the orbi-
tal shift, stemming from the coupling of !hcnI to the elec-
tronic orbital moment. Kspin refers to the Knight (spin)
shift, arising from the interaction between I and the spin
paramagnetism of the conduction electrons. It can be
decomposed in a dipole and a Fermi-contact (FC) interac-
tion part. For a classical BCS-type superconductor the
Knight shift is constant in the NC phase, decreases in the
SC phase as a result of spin-singlet pairing, and approaches
zero with zero slope at zero temperature [15]. Kdia finally is
caused by diamagnetic properties of the sample. We can
neglect it in the NC phase of MgB2. However, below Tc
the SC bulk diamagnetism sets in and gives rise to an addi-
tional shift, Kdia, which has to be taken into account. The
variation of the Knight shift with decreasing temperature
cannot be followed easily across Tc, because it is hard to
be distinguished from the dominating diamagnetic shield-
ing. In addition the NMR line broadens in the SC phase
due to the inhomogeneity of the internal magnetic field
caused by the vortex structure in the mixed state of the
crystal.
3.3. Spin–lattice relaxation
The nuclear spin-lattice relaxation (NSLR) of the boron
nuclei in MgB2 is dominantly caused by the fluctuating part
of the local magnetic hyperfine field. T1, the NSLR time, is
defined as 1/T1 = 2W, whereW represents the spectral den-
sity of fluctuation of internal magnetic fields at the Larmor
frequency. For a noninteracting electron gas T1 is related
to the isotropic part of the Knight shift by the classical
Korringa law [16]
T 1TK2 ¼ !h4pkB
ce
cn
! "2
: ð6Þ
Since in simple metals the FC interaction of s electrons at
the Fermi level dominates the NSLR the Korringa law is
generally satisfied. However, most of the Korringa T1’s,
calculated with the measured K and Eq. (6), are shorter
than the experimental ones. Appealing to other relaxation
channels would make the theoretical times even shorter.
A linear relation between 1/T1 and T is commonly called
‘‘Korringa behavior’’, whether Eq. (6) is satisfied or not.
In our experiment T1 was measured by the method of
selective inversion of the CL by a radio-frequency pulse
and a subsequent monitoring of the nuclear magnetization
recoveryM(t) at variable delay times t. The NSLR rate was
extracted by fitting the data to the recovery law obtained
for the solution of the master equation in case of selective
excitation and magnetic relaxation of the CL [17]
Mð1Þ $MðtÞ
Mð1Þ ¼ 2*
1
10
e$
t
T 1 þ 9
10
e$
6t
T 1
# $
: ð7Þ
4. Results
4.1. Spectra
The 11B NMR spectra of MgB2 are complex due to the
simultaneous presence of first- and second-order quadru-
pole interactions, anisotropic magnetic shift, and nuclear
dipolar coupling. Fig. 1 shows a single-crystal spectrum
measured at a temperature of 81 K for B0 lying within
the hexagonal planes (B0?c). A CL and two asymmetric
SL’s #425 kHz separated in frequency with respect to the
CL are observed. At the orientation B0?c the CL exhibits
a clearly visible symmetric splitting (#15.5 kHz) which is
temperature independent in the temperature range investi-
gated. The splitting is of homonuclear dipolar nature and
angular dependent. In polycrystalline samples a similar
splitting was observed [12,18]. For B0?c the present CL
is well described by the sum of two Lorentzian lines with
identical line width. The full line width at half maximum
(FWHM) of the Lorentzian is #8 kHz and constant in
the NC phase. However, it increases, as expected, in the
SC phase due to the inhomogeneity of the internal mag-
netic field caused by the vortex structure in the mixed state.
The sudden increase of the line width allows to determine
Tc(9 T?c) = 24(1) K, which is slightly higher than previ-
ously reported values [11,19].
Fig. 1. 11B NMR spectrum of the MgB2 single crystal at 81 K (B0?c)
showing a dipolarly split central line and two satellite lines asymmetric in
shape. The frequency position of the central line is 123.5455 MHz,
whereas the Larmor frequency is 123.5370 MHz (H3BO3). The inset shows
the temperature dependence of the quadrupole frequency in single-crystal
MgB2.
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4.2. Nuclear quadrupole interaction
In order to determine the nuclear quadrupole frequency,
mQ, the frequency distance of the two SL’s, Dm, at B0?c at
various temperatures was measured (see inset Fig. 1).
Applying Eq. (4) we obtained mQ = 849.5(3.0) kHz at
81 K, in agreement with experimental results reported on
polycrystalline samples [8–11]. We observed a slight
increase of mQ with increasing temperature in the range from
60 K up to 290 K of about 8(3) kHz. Previous powder mea-
surements yielded a temperature independent mQ [8–11]. In
order to check the orientation accuracy we measured the
angular dependence of Dm at 81 K. The result is plotted in
Fig. 2, where the solid line represents the calculated angular
dependence of Dm using Eq. (4) and the measured mQ =
849.5 kHz, in good agreement with experimental data.
4.3. Magnetic shift
The big advantage of having a single-crystal sample is
the possibility to measure the anisotropy of several physical
properties with the full spin-signal intensity. We investi-
gated the frequency shift of the CL. The CL frequency
vs. h in the NC phase at 81 K is shown in Fig. 3. We denote
by Ka a shift component measured with the external field
parallel to the crystallographic a axis (a = a,b,c). The fit
of the experimental data to Eq. (5) using our measured val-
ues mQ = 849.5(3.0) kHz and mL = 123.5370 MHz (aqueous
solution of H3BO3) results in K totc ¼ 119ð3Þ ppmðB0kcÞ and
K totab ¼ 62ð2Þ ppmðB0 ? cÞ. One can determine the isotropic
and the anisotropic part of Ktot according to K totiso ¼ 13*ðK totc þ 2K totab Þ ¼ 81ð5Þ ppm and K totaniso ¼ 13* ðK totc $ K totab Þ ¼
19ð4Þ ppm, respectively. The isotropic shift is in agreement
with previous experiments on non-oriented powder
samples [8–10,12], correcting the data for the different
reference materials used. Gerashenko et al. [9] give an
upper limit for the anisotropic part of the Knight shift of
30 ppm measured in a 9.1 T field, whereas Baek et al.
[12], using a maximum field of 7.2 T, could not detect
any anisotropy.
Our data reveal, within error bars, a temperature inde-
pendent magnetic shift in the NC phase, in agreement with
previous measurements on polycrystalline samples [9,10],
whereas Jung et al. [8] report a decrease of the shift in their
powder sample starting already at a temperature well
above Tc. At the SC transition the observed change of
the magnetic shift due to the onset of bulk diamagnetism
yields Tc(9 T?c) = 23(1) K, which is in good agreement
with our determination of Tc from the change in the line
width.
4.4. Spin–lattice relaxation time
We investigated T1(h) in the NC phase at 81 K and used
Eq. (7) to analyze the data. In contrast to the powder mea-
surements of Gerashenko et al. [9], our measurements
reveal a clearly anisotropic T1. At the orientation B0kc
and B0?c we find T k1 ¼ 1:93ð3Þ s and T?1 ¼ 1:78ð3Þ s,
respectively, resulting in a rate ratio T k1=T
?
1 ¼ 1:08ð3Þ.
The temperature dependence of (T1T)
$1, shown in
Fig. 4, was measured at B0?c. A temperature independent
value of (T1T)
$1 = 6.8 · 10$3 K$1 s$1 was found, in rea-
sonable agreement with previous works on polycrystalline
samples [8–10,12]. The worsening of the signal-to-noise
ratio caused by the diamagnetic shielding due to the onset
of superconductivity entails the need of a substantial
increase of the measuring time in addition to the necessary
increase due to the slow down of the NSLR, which made it
impossible for us to get reliable data on the NSLR below
Tc by measuring a single crystal.
Fig. 2. Frequency difference between the two satellite lines, Dm, for single-
crystal MgB2 at 81K measured in an external magnetic field of B0 = 9 T in
dependence of the angle h between crystallographic c-axis and B0 (errors
are smaller than symbols). The solid line represents the calculated
separation of the satellite lines (see text) using a quadrupole frequency
of mQ = 849.5 kHz.
Fig. 3. Frequency position of the central line for single-crystal MgB2 at
81 K measured in an external magnetic field of B0 = 9 T in dependence of
the angle h between the crystallographic c axis and B0. The solid line
represents a fit to the data (see text), yielding K totiso ¼ 81ð5Þ ppm and
K totaniso ¼ 19ð4Þ ppm.
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5. Discussion
5.1. Nuclear quadrupole interaction
Using the 11B quadrupole moment 11Q and the experi-
mentally determined 11B mQ, we extract according to Eq.
(3) the absolute value jVzzj = 17.3(1) · 1020 V/m2. We com-
pare this value of jVzzj with that of ab initio calcula-
tions. The determination of Vzz at the boron site by
Tsvyashchenko et al. [20] yields Vzz = 18.5 · 1020 V/m2,
in agreement with our experimental value. Experimental
data by Mali et al. [21] confirm their calculation of jVzzj
at the Mg site. Medvedeva et al. [22] report jVzzj = 18.8 ·
1020 V/m2, which is also in agreement with our experiment.
The spectral shape of the 11B CL and the SL’s are gov-
erned by nearest-neighbor homonuclear dipolar interac-
tion. The SL’s are asymmetric in shape, as can be seen in
Fig. 1. It was shown by Silver et al. [23] that the magnetic
dipole coupling between like nuclei causes asymmetric SL’s
in quadrupolarly split single-crystal NMR spectra, which
permits the determination of the sign of Vzz. With the posi-
tive gyromagnetic ratio of the boron nucleus we find
Vzz > 0, as reported by Tsvyashchenko and co-workers
[20]. However, Medvedeva et al. [22] find Vzz < 0, in con-
tradiction to our finding.
For the discussion of the temperature dependence of the
nuclear quadrupole frequency mQ we apply a semi-empirical
approach. We separate the EFG tensor caused by the elec-
tronic and the ionic environment of the nucleus into a lat-
tice and a valence part, V aa ¼ V lataa þ V valaa . The lattice
contribution, V lataa , (a = x,y,z), stems from the distribution
of the ions surrounding the nucleus. According to the
point-charge model, these ions are approximated by point
charges. The valence part, V valaa , arises from electronic shells
of the probed atom. V valaa is temperature independent, since
the valence does not change. However, the absolute value
of the lattice contribution, jV lataa j, generally diminishes with
increasing temperature due to thermal expansion of the lat-
tice. Therefore we can explain the temperature dependence
of mQ by taking V valaa to be positive and V
lat
aa to be negative.
5.2. Magnetic shift
According to first-principal calculations of Pavarini and
Mazin [24], the total effect of the FC polarization at the
boron site in MgB2 is small compared to the FC interaction
at the Mg site. They interpret this as a consequence of the
opposite sign of the comparable contributions of the 1s
shell and the 2s shell. Moreover, there are only few boron
s-type states present at the Fermi surface. In contrast to
simple metals, in MgB2 the FC contribution is not domi-
nant. Therefore, the relative effect of the dipolar term is
substantial and leads to a noticeable anisotropy of Kspin.
The estimated anisotropy of the magnetic shift is about
30% [24], which is in good agreement with our result of
#25%.
5.3. Spin–lattice relaxation time
Empirically, in most simple metals the FC interaction
with s electrons appears to be the dominant relaxation
channel, which causes an isotropic NSLR time. The exper-
imental finding of T k1=T
?
1 ¼ 1:08ð3Þ implies that relaxation
mechanisms different from the FC polarization participate
substantially in the relaxation process of 11B in MgB2.
Band structure calculations considering hyperfine dipolar
and orbital interactions with p electrons only, result in a
rate ratio T k1=T
?
1 # 1:2 [9].
Using Eq. (6) we may calculate for 81 K an experimen-
tally derived Korringa ratio Rk ¼ 4pkB!h ðcnce Þ
2ðT k1T Þ * K2abÞ ¼
0:2 and R? ¼ 4pkB!h ðcnce Þ
2ðT?1 T Þ * 12 ðK2c þ K2abÞ ¼ 0:5. Earlier
NMR studies on polycrystalline samples also revealed R
values well below 1 [8,10,12,25]. The clear deviation from
R = 1 indicates again that interactions different from the
FC one must be involved in the relaxation process.
For MgB2 the states at the Fermi level are mainly boron
p-type, so that the FC term may become comparable or
even smaller than the p-type dipole and orbital contribu-
tion to the NSLR. First-principal calculations (LDA) of
Pavarini and Mazin [24] and Antropov et al. [26] suggest
that in MgB2 the orbital NSLR mechanism of the p elec-
trons dominates over the dipolar and the FC ones due to
the presence of all three p orbitals at the Fermi level. The
orbital contribution of p-type electrons is expected to be
proportional to temperature and not to follow the Kor-
ringa law [27], in agreement with experiments. Antropov
et al. [26] estimate for the ratio T k1=T
?
1 # 1:06, consistent
with our experimental value of 1.08(3).
6. Summary
We investigated single-crystal MgB2 by means of NMR.
In particular, measurements of the quadrupole frequency,
Fig. 4. Temperature dependence of (T1T)
$1 at B0?c in single-crystal
MgB2 in an external field of 9 T. The dashed line illustrates the Korringa
behavior with ðT 1T Þ$1 ¼ 6:8* 10$3 K$1 s$1. The arrow indicates the
transition temperature to superconductivity as deduced from magnetic
shift data.
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the anisotropic magnetic shift, and the anisotropic nuclear
spin–lattice relaxation time in the normal conducting phase
are reported. In addition, we determined the sign of the
electric field gradient to be positive. The observed value
of the quadrupole frequency, mQ, is in agreement with pre-
vious measurements on polycrystalline samples and theo-
retical predictions. In contrast to earlier works, mQ was
found to be (slightly) temperature dependent. Our values
and temperature dependences for the isotropic part of the
magnetic shift and for the nuclear spin-lattice relaxation
time, T1, are in agreement with earlier NMR results of
polycrystalline samples and theoretical predictions. The
measured anisotropy of the magnetic shift of #25% is con-
sistent with ab initio calculations. Moreover, the anisotropy
of T1 of 8(3)% extracted from the NMR data is in agree-
ment with theoretical predictions. From the analysis of
the data collected in the superconducting phase, we could
not obtain reliable information on the Knight shift and
on the nuclear spin-lattice relaxation rate.
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4 Outlook
The 89Y NMR investigation of Y2Ba4Cu7O15−δ presented in this thesis provides new
and significant constraints for orbital-current models. The work should stimulate de-
tailed calculations of the expected orbital-current field strength at the Y site in YBCO
compounds. Further experimental work should extend to NMR investigations of other
cuprate superconductors, using different nuclei as probes.
Our 139La NMR/NQR study shows that charge effects are present in cuprates, but
further experimental effort is necessary to investigate if they are related to superconduc-
tivity. In particular, the La NQR spin-lattice relaxation behavior should be studied and
compared with the La NMR spin-lattice relaxation, which might yield valuable informa-
tion about the nature of the relaxation mechanism. Also the complex behavior of the
NMR spin-lattice relaxation anisotropy should be investigated in more detail. Prelim-
inary results show that the NMR and NQR line widths increase at low temperatures.
The reason for the broadening is not yet understood. In addition, measurements of the
in-plane copper nuclei in LaBa2Cu3O7−δ and the comparison with the corresponding re-
sults for YBCO will allow more general conclusions. A study of compounds with higher
oxygen deficiency δ and of the doping dependence would likewise be desirable.
Our µSR study of optimally doped (BiPb)2(SrLa)2CuO6+δ (OP Bi2201) combined
with ARPES results, suggests that the pseudogap and the superconducting phase in OP
Bi2201 are selectively dominated by different parts of the Fermi surface. Other super-
conductors should be investigated in order to elucidate whether the selective property
is generic. ARPES experiments focussing on the distribution of the quasiparticle weight
at the Fermi surface might prove useful to further clarify the relation between the pseu-
dogap and superconductivity. Knowledge about the connection between the pseudogap
and the superconducting gap will help to determine their respective origin.
A confirmation of the non-trivial oxygen-isotope effect of the superconducting energy
gap in Y1−xPrxBa2Cu3O7−δ by use of other techniques would be desirable. By means of
tunneling, for instance, a direct measurement of the dependence of the gap magnitude
on isotope mass should be attempted. Tunneling is a surface sensitive method for which
sample quality is a critical issue. Whenever oxygen-isotope exchange is feasible, measure-
ments on different cuprate superconductors should be considered. A possible candidate is
Pr-free stoichiometric YBa2Cu4O8, although the expected isotope effect would be small
due to the high intrinsic doping level. For LSCO an extended investigation of the doping
dependence with different relative amounts of La and Sr is possible, making this com-
pound a promising candidate for investigations of the oxygen-isotope effect.
MgB2 is the binary compound with the highest transition temperature known at the
time of writing, and it has been proven unambiguously that a two-gap mechanism is at
work. In contrast, multi-band superconductivity in the cuprates is still not generally
accepted. For the newly discovered pnictide superconductors many experiments suggest
a multi-band structure. Considering the state of the present knowledge, it is necessary
to weigh the feasibility of multi-band mechanisms for high-temperature superconductors
in general.
Even two decades after their discovery, cuprate superconductors remains a very in-
teresting field of research in solid-state physics, and indeed several open questions have
104 4 OUTLOOK
to be answered. The recent discovery of superconductivity in the pnictides may gen-
erate new ideas that help to uncover the microscopic mechanisms of high-temperature
superconductivity.
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